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INDUSTRIAL ILLUMINATION AND THE AVERAGE 
PERFORMANCE OF LIGHTING SYSTEMS 


BY C. E. CLEWELL 


Illumination in the past has been looked upon largely as an 
accessory. Modern illuminating engineering, however, is con¬ 
cerned with the adaptation of the available types of lamps to 
certain supply circuits, to various classes of service, and to given 
conditions of building construction. 

A few years ago the older type of arc lamp and the carbon 
filament lamp, typifying a large and a small unit, covered the 
range of types of lamps available for illumination work in the 
industries. This limitation in candle power has gone through 
an evolution by the introduction in more recent years of the 
enclosed arc, the open flame-carbon arc, the metallic flame arc 
and the long burning flame carbon arc lamp, as improvements 
on the original arc lamp; and the metallized filament, the tan¬ 
talum and the tungsten lamp, as improvements on the original 
filament lamp.' The Moore tube, the Nernst and the mercury 
vapor lamps are also available as new types. 

The candle-power values of these various lamps are shown in 
Fig. 1 where, in an approximate manner, the average mean spher¬ 
ical candle-power values of all types, both old and new, are in¬ 
dicated. Fig. 2„ shows the over-all dimensions of the various 
lamps, from which it is apparent that the dimensions for given 
candle-power values have been modified by changes in design. 

Re-directing the light where most useful, should be included in 
development of high-efficiency lamps as additional to the matter 
of total light flux per watt. The growing tendency to rate 
electric lamps according to the effective illumination produced on 
the work, rather than in terms of the watts per mean spherical 
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candle power, is evidence that this item will probably be included 
in the considerations of lamp efficiency more in the future than 
it has been in the past. 

Quantity of light is no longer the sole criterion of excellence, 
but its uniformity over the work, diffusion, adequate intensities 
on the sides of the work, absence of glare, color values and similar 
items are now given an importance almost if not quite equal to 
mere satisfaction in the matter of vertically downward intensities. 

Factory work, generally speaking, may be grouped into work 
on a horizontal plane, as bench work of some kinds, which, in 


OLD TYPES 
carpon filament 

enclosed CARSON 
ARC 

OPEN CARSON ARC 

NEW TYPES 
tungsten 

NERNST 

MERCURY VAPOR 

QUARTZ 

mercury vapor 

METALLIC FLAME 
ARC 

FLAME CARBON. 
ARC 


Fig. 1—Average Candle Power Ranges of Old and New Lamps. 

the main, requires only downward illumination; and other work, 
such as that included under machine tool operations, foundry 
moulds, rolling mills, assembly, and the like, where, in addition 
to vertically downward light, side components effective on 
vertical planes, as w r ell as shadow elimination, play an important 
part in the excellence of results. 

The height of ceiling , roof or trusses limits in a very large measure 
the size and type of lamp to be employed. Experiment and 
usage demonstrate the disadvantage of using very large lamps 
for low ceilings, w r hile lack of economy prohibits the use of small 
lamps for high areas. In former years arc lamps were used for 
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low factory bays, while in some extremes no appreciable general 
illumination was possible due to the absence of sufficient clear¬ 
ance between cranes and ceiling for an arc lamp. In like manner 
very high bays have been inadequately lighted due to the lack 
of lamps possessing sufficient candle power and suitable distribu¬ 
tion characteristics. To-day, however, lamps of enormously 
greater candle power and more suitable distribution are available 
for the higher areas, while lamps with corresponding advantages 
are available for low areas. 

Open spaces simplify the problem by permitting the use of 
lamps spaced comparatively far apart, while the interference 
of belting calls for a type and arrangement of lamps which will 
provide diffusion, so as to reduce the shadows or dinar ily pro- 



Fig. 2—Chart Showing Relative Average Over-all Dimensions 
of Various Lamps. 

duced by belts. In an atmosphere filled with dust and dirt a 
penetrating light should be employed, and in spaces of the latter 
class the maintenance is apt to be greatly increased with the 
rapid accumulation of dirt on the lamps and reflectors. These 
items will be clearer by a reference to Figs. 3 and 4, which compare 
free space with one filled with belting. 

Typical ceiling constructions as found in average shops are 
shown in Figs. 5, 6, 7, and 8. The arrangement of lamps should 
not be influenced primarily by the ceiling construction. Plans 
made up without regard to the ease of installation may sometimes 
be modified so as to yield equally satisfactory results, however, 
with a considerable reduction in first cost for installing, by t akin g 
into account certain features of the beams or girders. 
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Illumination Factors 

The spacing distance of lamps is a first consideration. Ex¬ 
periments have shown, for example, that in certain office lo¬ 
cations with moderate ceiling heights, a spacing distance not 
exceeding 7 ft. (5 in. is most advantageous. This results in a 
uniform illumination on the desks if the proper reflectors are 
used, and the light from a sufficient number of sources thus 
secured insures a diffusion of the resulting illumination. The 
directional features of the light are furthermore far superior 
to those cases where larger spacing distances. are employed. 

The spacing also governs the size of lamp to be used. As 



Fig. 9—Chart Showing Relation of Shadows to Mounting Height 

and Spacing. 


an illustration, whether one 250-watt or four 60-watt tungsten 
lamps are to be installed for a given area will be determined largely 
by the desired directional features of the light. 

The mounting height should be determined on a basis of the 
avoidance of glare and of the ease in getting at the lamps for 
maintenance. The lamps should be mounted high enough to be 
out of the line of vision, and where the ceilings are too low 
to admit this, lamps of small size should be selected to reduce 
the quantity of light flux which enters the eye or is effective 
thereon when looking into any lamp. Fig. 9 shows the effect 
of height on the directional qualities of the resulting illumination 
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r ig. 3 Factory Space Free from Obstructions. 


. [clewell] 

Fig. 4—Factory Space where Much Belting is Used. 




















PLATE LXVU 
A. I. E. E. 
VOL, XXXI, 1912 





















PLATE LX Vi 11 
A, I. €. E. 
VOL, XXXI* 1912 

















1912] 


CLEW ELL: INDUSTRIAL ILLUMINATION 


1261 


on the working surface. This illustration shows graphically 
the need of closer spacing to maintain a given minimum shadow 
effect for low ceilings. 

Typical installations with accompanying data are indicated 
in Table I. Such a table of actual cases may serve as a guide 
to others with similar problems to solve, and also gives an idea 
of the varying requirements of different classes of industrial 
work from the fact that the installations here recorded have been 
the object of careful study for a number of years and furthermore 
are the results of carefully prepared plans. Obviously, these 
results are not intended to be used as rules for general lighting 
work, but the experiences recorded for these representative lo¬ 
cations will show clearly how they have been solved and what 
constants apply in each of the several cases. 

Efficiency of Utilization 

The term efficiency is here used to express the relation between 
total light flux furnished by the lamps to the work, on the one 
hand, and the total flux emanating from the lamps of the system 
in all directions, whether useful or otherwise, on the other hand. 

Such a use of the term refers of course to the efficiency of 
the lamps themselves coupled with surroundings and reflectors 
in the matter of the useful illumination they furnish to the work. 
The numerical values expressing this efficiency will thus be less 
than unity and expressed in per cent of the ideal condition if 
the total light flux available were wholly useful on the work. 

Heretofore the measure of illumination efficiency, if it may 
be so called, has been changed in turn from watts per square 
foot required to furnish presumably satisfactory light, to lumens 
per watt (or foot-candles per watt per square foot), and finally 
to efficiency or the utilization of the total light flux of the lamps. 
The latter is a measure of the total losses from all causes, such 
as absorption by globes or reflectors, by dark ceilings and walls, 
as well as by dust, dirt, belting, or other obstructions, and there¬ 
fore adapts itself in an excellent manner to practical usage. 
One other feature should be noted in connection with the effi¬ 
ciency, namely, the importance of considering average perform¬ 
ance, in distinction from results obtained when lamps and re¬ 
flecting devices are new and clean. 

The need for data on the average performance of illumination 
systems has been felt for some time. With the view of meeting 
this need, and also for the purpose of establishing some certainty 
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regarding the various factors involved, extensive tests have been 
conducted during the past year, and the results of the same are 
now herewith presented for the first time, in the hope that they 
may furnish useful information on this important phase of illumi¬ 
nation systems, and also serve to further additional work, thus 
begun in this particular direction. 

Practical Results under Working Conditions. At the outset 
a study was made of the items involved in the determination of 
the average performance, that is, the variation in the illumination 
intensities furnished by the lamps day in and day out, and a 
number of typical locations representative of average industrial 
conditions were selected for the test. These tests were made on 
the vertically downward (or so-called horizontal) intensities of 
the illumination produced by a fairly large number of lamps in 
each location, thus securing a more general idea of the changing 
conditions than would likely result from individual tests on single 
lamps or reflectors. By these tests it has been sought to establish 
the actual efficiency of the various illumination systems con¬ 
sidered, as compared to the theoretical efficiency which might be 
supposed to exist from calculation based on candle-power distri¬ 
bution curves. Four conditions were chosen, as follows: (1) 
new lamps and reflectors; (2) clean lamps which have been 
in service for several months, and clean reflectors; (3) clean 
lamps several months old and soiled reflectors, ready to be washed 
in the routine of the plant; and (4) soiled lamps and soiled 
reflectors ready to be cleaned. This series of conditions repre¬ 
sents lowering steps in the efficiency of the system, and the 
results show by how much each of these factors may reduce the 
total efficiency. It will be apparent that the reduction in effi¬ 
ciency by these three items refers to losses in the system itself. 
These losses further obviously determine the inherent perform¬ 
ance of the system, and great care was required in making these 
tests to maintain conditions unchanged throughout the tests, 
that is, under shop conditions, to be sure that the dust and dirt 
on reflectors was left undisturbed. 

Five typical factory locations were selected for this test, which 
covered seventeen weeks in itself, but which represents a con¬ 
siderably longer period of time in preliminary tests made through¬ 
out the past few years leading to the determination of ultimate 
reductions of light due to dust and dirt. These five locations 
were equipped with tungsten lamps and glass reflectors. The 
locations included a regular office in an office building; a long 
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narrow factory office ; a low factory space with no walls and very 
dark ceiling; a medium high factory space with light walls and 
light ceilings; and a moderately high factory space with dark 
walls and no ceiling, the lamps being mounted on stringer boards 
attached to the girders. Observations of voltage were taken and 
all intensities corrected for the normal lamp voltage. Table II 
shows the results of these tests and the attending surrounding 
circumstances, while Table III shows the averages of the results. 
The value of these constants can hardly be overestimated when 


TABLE II 

TEST RESULTS ON TUNGSTEN SYSTEMS WITH GLASS REFLECTORS 


Efficiency values* 

Conditions of test 

Low 

office 

Fairly 

high 

factory 

office 

Low 

factory 

space 

Medium 

high 

factory 

space 

Fairly 

high 

factory 

space 

Ceiling. 

Light 

Light 

60-W Cl. 

Light 
Light 
60-W. Cl. 

Dark 

Light 

None 

Wall. 

None 

Light 

Dark 

Lamps. 

100-W. Cl 

100-W. Cl 

100-W. Cl 

Reflectors. 

1-60 SF. 

1-60 Cl. 

1-100 Cl. 

1-100 Cl. 

F-100 Cl. 

Class of work. 

Desk 

Desk 

Machines 

Bench 

Bench 

Time between washings... . 

14 weeks 

17 weeks 

9 weeks 

11 weeks 

13 weeks 

Results 


Efficiency 

in per cent 



Soiled lamps 

Soiled reflectors 

19.7 

24.2 

22.4 

25 

20.1 

Clean lamps 

Soiled reflectors 

20.7 

24.9 

22.5 

27 

23.6 

Clean lamps 

Clean reflectors 

34.1 

29.3 

31.2 

35.3 

33.6 

New lamps 

Clean reflectors 

34.1 

31.2 

31.9 

36.1 

39.1 


*A11 efficiency values corrected for normal lamp voltage. 


considered in the light of their usefulness in the calculation 
of factory lighting systems, which can thus be based on absolute 
experience. The foregoing notes apply to the performance of a 
system as installed and in regular service. 

Depreciation Items. In the calculation of illumination sys¬ 
tems additional factors must be taken into account, namely, (1) 
the effect due to the operation of the lamps at a voltage other 
than their rating, frequently the case in tungsten systems; (2) the 
depreciation of candle power due to the aging of the lamps; (3) 
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the depreciation due to surroundings which are liable to become 
dark; and (4) the effect of dust and dirt accumulations. 

The losses due to voltage conditions can readily be calculated 
from the curves showing the variation of candle power with 
voltage; the effect of age of the lamps, although somewhat more 
uncertain, can be determined with a fair degree of accuracy from 
the life curves of the lamps as made by the lamp manufacturing 
companies; tests have been conducted, as previously referred to, 
in the determination of the effect of surroundings on the illumina¬ 
tion results. The following material has resulted from extended 
tests on a variety of lighting systems to determine the dust and 
dirt characteristic depreciation curves with elapsed time of 
service. While the tests just described for the determination of 
practical efficiencies at the beginning and at the end of a cleaning 

TABLE III 

AVERAGE TEST RESULTS ON TUNGSTEN SYSTEMS WITH GLASS 
REFLECTORS* 


Average 
efficiency 
of system 

Low office. 27.1 per cent 

Fairly high factory office. 27.4 “ “ 

Low factory space. 27 “ “ 

Medium high factory space. 30.8 “ “ 

Fairly high factory space.. 29.1 a “ 


*A11 efficiency values corrected for normal lamp voltage. 


period were difficult in the matter of maintaining conditions 
unchanged, these same difficulties encountered in this particular 
test were considerably greater. To insure value, it was deemed 
essential to perform the tests in factory spaces where the regular 
manufacturing operations were in progress from day to day. 
This necessitated constant watchfulness to make sure that the 
systems were undisturbed in the matter of the dust and dirt 
accumulations. 

At the outset the results anticipated rather seemed to promise 
indefinite results. Figs. 10, 11, 12, 13 and 14 indicate the 
characteristic curves of illumination intensities over a number of 
weeks as the result of the tests, and from these curves the very 
interesting and instructive conclusions may be roughly drawn, 
that under average factory conditions the deterioration of glass 
reflectors due to dust and dirt follows a fairly definite rate of 
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candle power reduction , in so far as conclusions can be deduced 
from the number of cases on which these tests were conducted. 
This reduction as shown in the curves is due alone to dirt accu¬ 
mulations on the reflectors, since the new lamps were inserted 
before each test and all observations were corrected to correspond 
to normal lamp voltage. 

The curve sheet shown in Fig. 15 has been derived from the 
deterioration curves. This curve sheet shows, for example, that 
based on the average cleaning cost of three cents per reflector, 
with energy at two cents per kilowatt-hour, the integrated cost 
of light lost at the end of sixteen days in one of the cases, is equal 
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Fig. 10—Deterioration from Dirt Accumulations. 


to the cost of cleaning. This point (namely sixteen-days) would 
then naturally determine the economical interval for cleaning 
reflectors in this particular location, provided always that the 
reduction in intensity at the end of this interval is not below that 
which is necessary for satisfactory vision. It is of interest to 
note that apparently the effect of dust and dirt takes place far 
more rapidly in the first week or ten days than during the suc¬ 
ceeding weeks. 

Other useful information may be deduced from these curves as 
follows; if, for example, the loss of light at the end of sixteen 
days equals 25 per cent, which means, for an initial intensity of 
four foot-candles, that there remain, at the end of sixteen days, 
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only three foot-candles, the average intensity throughout the 
sixteen-day interval may be approximated at three and one- 
half foot-candles, provided the reflectors are cleaned once every 
sixteen days. 

If an additional sixteen days without cleaning means a still 
further reduction from three to two foot-candles, the average 
intensity of the illumination throughout the thirty-two days 
interval may be approximated at three-foot candles. Hence the 
cleaning of the reflectors at intervals of sixteen instead of thirty- 
two days should insure an average intensity of say three and one- 
half instead of three foot-candles, or in other words to main- 



Fig. 15—Summary of Curves of Deterioration Costs from 
Figs. 10, 11, 12, 13 and 14. 

tain an average intensity of three and one-half foot-candles 
would require approximately tw3hty per cent more lamps in the 
installation for a thirty-two days than for a sixteen days cleaning 
interval. 

This would mean in an installation of say 1200 tungsten 
lamps, a saving of 200 lamps in the original installation, or 
roughly, $1,000 in a total of $6,000, the first cost, by the 
adoption of a sixteen days instead of a thirty-two days cleaning 
interval. To clean 1200 reflectors every thirty-two days in¬ 
volves in practise an expenditure of approximately $432 per 
annum, while to clean the smaller number of 1000 reflectors once 
per sixteen days involves approximately $720 per annum, or an 
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increase of say $288 per annum. The increased cost of cleaning, 
with shorter cleaning intervals, is, therefore, small in comparison 
to the reduced first cost, to the lower energy consumption with a 
smaller number of lamps, and to the improved average service. 

The foregoing hypothetical instance can be worked out with 
accuracy for any of the locations found in the deterioration 
curve sheets, by the substitution of actual for the assumed 
values, and when applied to practical illumination design will 
be found to affect the results in a significant manner. 

Maintenance 

Necessity for Systematic Maintenance. From the foregoing 
statements the necessity for careful and systematic main¬ 
tenance will at once be apparent. In one large system of 10,000 
tungsten lamps, the losses of light per day due to dust and 
dirt interpreted into money values, that is to say, evaluating 
the energy in watts represented by light wasted through absorp¬ 
tion by the dirt, to its kilowatt-hour cost, amounts approximately 
to $20 per day, or $7,500 per annum. If the systems are allowed 
to go uncleaned beyond the economical point, these losses 
become aggravated. The expenditure of an amount like the 
foregoing, for energy which represents no return, serves to in¬ 
dicate in a startling manner the significance of adequate main¬ 
tenance. 

This illustration and the ones previously mentioned in con¬ 
nection with deterioration have been based on tungsten systems, 
but the results will show what may be expected in lighting sys¬ 
tems of other types of lamps from the accumulation of dust and 
dirt, and it is hoped that these tests and statements will be 
but forer unn ers of additional data along these and similar lines 
in the near future. 

General Methods. The limitations of this paper prevent 
more than a passing reference to the details of maintenance 
work. It will suffice to say that systematic methods are now 
being worked out and are in operation for handling this feature 
of lighting system operation. It is the desire that data like 
the foregoing will be a stimulus to further and more liberal 
attention in the matter of such work, and that they will promote 
more system in short cleaning intervals and other similar work. 

Economic Relations 

Relation of Wages to Illumination. The chart shown in Fig. 16 
has been prepared to give an idea of the relation of average wage 
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Fig. 16 —Curves Showing Relation of Average Wages to Lighting 

Costs. 
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conditions End lighting costs. The values are taken from actual 
average cases and show in a graphical manner the small percent¬ 
ages of the total wages represented by the average lighting costs. 
When one pauses to consider the fact that the wages for six 
minutes per day in average shops, pays not only for meagre, 
but also for entirely adequate illumination, and when one fui ther 
considers that nearly all shops have some lighting facilities, poor 
as they may be, the difference between poor and excellent light¬ 
ing in its relations to improved surroundings and better workman¬ 
ship is apparent. 

Present Activity in Industrial Lighting 

In one large shop where extensive installations of high effi¬ 
ciency lamps have been under way for nearly three years, a sum¬ 
mary shows an increase of nearly 30 per cent in actual candle 
power for a 5 per cent increase in total operating and mainte¬ 
nance costs. This increase of 30 per cent in candle power in no 
way, however, indicates the enormous improvements in the 
matter of excellence in distribution and refinement of results; 
it merely shows what great advances have been made in the pos¬ 
sibilities of industrial illumination by the newer types of lamps. 
Added to this candle power increase there are, of course, many 
advantages which have been brought about by the careful and 
scientific adaptation of the lamps best suited to each condition. 

It will be impracticable to indicate in a definite manner the 
extent of present activity in terms of exact installations, but it 
is of both interest and significance to note the progress which is 
being made in the growing intelligence among factory owners 
regarding the proper illumination for their plants. The work 
of the past few years along this line, if taken as an indication of 
what may be expected, promises great advances in the immediate 
future. 
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THE PROBLEMS OF INTERIOR ILLUMINATION 


BY BASSETT JONES, JR. 


The practise of illuminating engineering as a separate profes¬ 
sion is a recent development of applied science. So short a 
time ago as 15 years there was little if any room or need for such 
work, and the “ art of illumination ” was largely a matter of 
guess-work, precedent, and simple attempts to produce artificial 
light, with little attention given to its distribution from the 
standpoint of economy as that word is understood today. 

Within the last decade we have seen remarkable strides in the 
development of illuminants to meet the enormous demand for 
means of efficiently producing brilliant illumination. This de¬ 
mand is largely due to the commercial pressure of the times which 
requires that we shall do a large part of our work and take 
practically all of our pleasures after dark. 

It has been found that the character of illumination has a 
direct influence on the efficiency of work, and efficiency, in the 
broad sense, being the password of the period, it naturally fol¬ 
lows that any profession, the practise of which can do much to 
improve economical conditions, will find a large demand for its 
product. 

The economical production of artificial light, depending, as 
at present, generally upon the raising of solids or gases to exceed¬ 
ingly high temperatures has required a parallel development 
of auxiliary devices to protect the eye from injury. 

The design of illuminants, generally following upon the results 
of laboratory experiments and research, has produced devices, 
the sole object of which is, as a rule, the economical production 
of light. Until very recently the difficulties encountered in the 
commercial manufacture of illuminants has precluded any defi- 
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nite attempts at design for given distribution of light flux, and 
this has opened a wide field for the manufacture of reflectors 
to redistribute the flux properly for the varied sorts of work to be 
done by its aid. 

The work of the illuminating engineer is, then, the design of 
such arrangements of illuminants as will most economically 
meet the demand for properly distributed light. In attacking 
any specific problem he must consider, first, the kind of work to 
be done by artificial light, second, the distribution of light flux 
that will make it possible to do that particular work best under 
such abnormal conditions as the limitations of his resources 
impose, and third, the character and arrangement of illuminants 
that will most economically produce the light required. 

So much for the general aspect of our subject. Specifically 
I propose to devote the remainder of this paper to the considera¬ 
tion of certain phases of the problem of interior illumination, 
where the interior is of such architectural character as to demand 
in the design of its lighting equipment more than mere engineer¬ 
ing considerations, and for the reason that an enormous field for 
this kind of work is rapidly developing itself. The problems 
that arise during the design of such illuminating schemes are 
varied and interesting, and their solution often taxes to the utter¬ 
most the knowledge, imagination and ingenuity of the engineer. 

Those who are in touch with the philosophy of our time know 
that the word 11 efficiency ” has acquired a very great importance 
in fields of activity into which energy, as we understand the 
word, does not enter. “ Human efficiency,” “ social efficiency,” 
etc., are expressions the use of which is increasing, and this broad¬ 
ening of the concept has had a retroative effect on the engineering 
profession until today, we frequently hear the engineer talked of 
as a social servant. His work is efficient when it redounds to 
the benefit of society and this, whether or not his designs are 
worked out with regard to maximum energy efficiency. As a 
matter of fact one’s work is efficient when, with a minimum of 
means, one succeeds in accomplishing what one sets out to do. But 
the accent is always on the success. 

It does not matter whether what is accomplished is the gener¬ 
ation of 50,000 kilowatts at Squeedunk Falls and its transmission 
to Bisonville, the construction of a hundred story building, the 
ornamentation of a wall, the carving of a marble Venus, or the 
salvation of lost souls, the same rule applies, and, by the same 
token, it is, within reason, the result rather than the means by 
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which the world will gage such work. You, as engineers, may 
sit in judgment upon the fractional percentage avoidable loss in 
the Squeedunk-Bisonville line, but the citizen of Bisonville 
judges only by the constancy and general satisfaction of the 
service. 

So, in the artificial illumination of interiors such as we shall 
study, the gage of efficiency can only be applied when we appre¬ 
ciate and understand the results accomplished, whether these 
results be the proper illumination of the working areas or attain¬ 
ment of proper shadows and color values in the architectural 
design, or both. Usually both results must be obtained. Hence 
this complexity of the problem. 

It has generally been the custom to rate the efficiency of a light¬ 
ing equipment by the ratio of light flux received on a plane de¬ 
termined at so many inches above the floor to the light flux 
generated. The arbitrary and unnatural results obtained are 
best criticised by the following considerations. 

Such a method of determining efficiency counts as a loss all of 
the light employed in producing beautiful effects in fixtures and 
lost by absorption in the pigments used in decorating the walls 
and ceiling. The light so employed in properly obtaining effects 
is useful in the sense that it does what is required of it. It does 
not follow because the light used in setting forth the design of a 
library is not directly concerned with the actual business of the 
room, that the lighting equipment is inefficient. In fact only a 
small portion of the generated flux need be used for reading and 
still the system be highly efficient, since it makes the room ef¬ 
fective and pleasant to see and to be in, whether one reads or 
not. 

So too, in an ornate banking room only a very small propor¬ 
tion of the generated flux may be employed in illuminating 
desks or other places where the work of the bank is done pro¬ 
vided such places are in themselves properly lighted, and still 
the illuminating efficiency be very high when properly rated. 

It is quite useless to have beautiful things unless one can see 
them, and that illumination which properly sets them off in true 
value as to perspective, shadow, and color is correctly designed 
no matter how much energy is necessarily and purposefully 
used in obtaining the correct results. 

In fact, the work to be done by any such lighting arrangement 
is not only to enable us to see to do our work with ease and 
comfort, but also to make the interior pleasant to the senses 
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and to make its beauty visible. The frescoes of St. Peter’s are 
wasted unless they can be seen and for this purpose the “ work¬ 
ing plane ” is on the ceiling and not near the floor. 

These remarks recall to the writer a review of. some of his 
work in which the curious statement was made that “ the effi¬ 
ciency was remarkably high (about 25 per cent) when one con- 
siders the decorative character of the illumination.” 

I presume the reviewer considered that since the inteiior was 
an auditorium the working plane was somehow at the level of 
the programs. Apart from the question as to the existence of 
programs, is it not obviously ridiculous to ignore the light flux 
used to set off the ceiling, which happened to be the most import¬ 
ant architectural feature of the room, and the elaborate and 
interesting color scheme of which the light sources themselves, 
their color and their intensity, formed a part? 

As a matter of fact can such an illuminating system be rated 
at all in terms of energy efficiency? Obviously, it cannot be so 
rated, and the term has no meaning when applied. The difficulty 
is to distinguish between energy efficiency properly speaking 
and general efficiency which refers to the relation of end to 
means. Perhaps it would be better to rate such illumination in 
terms of effectiveness for, of course, we are dealing with a sub¬ 
ject that bids fair to become a fine art. But in so doing we are 
introducing that indeterminate factor, personal taste. 

Evidently one must come to judge such work free from the 
prejudices borne of narrow technical training. Appreciation of 
the beautiful must be our starting point. 

But it is necessary for the engineer engaged in the design of 
lighting equipments of this character to have some basis of com¬ 
parison. And for this purpose the arbitrary rating in terms of 
flux received on a certain plane may serve well enough. This 
will, at least, isolate that part of the illumination concerned with 

utilitarian ends. _ . 

The probl ems of interior illumination are now evident. The 
engineer must be able to grasp and appreciate the effect desired, 
and to so devise the equipment that this result will be accom¬ 
plished with as little outlay and running cost as possible. He must 
understand the relation of shadow and color to design so that 
the lighting arrangements will not warp or destroy the value of 
the architectural treatment and ornament. For, as I shall later 
show, the importance of shadow and color is primary. 

The engineer must know sufficient about color, as such, and 
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about pigments, to discern beforehand just what effect any par¬ 
ticular tone or intensity in the light will have in altering the 
color scheme, for both color and intensity in light have marked 
effects on colored pigments, and these effects vary with the char¬ 
acter and saturation of the pigments. Thus the color of satu¬ 
rated pigments or pigments pure in color, remains true in tone 
under variation of color in the illumination, varying only in 
luminosity, while, under similar conditions, unsaturated pig¬ 
ments, or pigments mixed with white, vary widely in color. 

Under low intensity of illumination the cold colors, blue- 
green, blue and violet, are more luminous than the warm colors, 
red, orange and yellow, while under high intensity of illumina¬ 
tion the results are reversed. 

The relative importance of the colors in the ornamental treat¬ 
ment may then be variously altered by the character of the illu¬ 
mination. Since it is rarely possible to determine the color 
scheme only for artificial light, it must be subject to such alter¬ 
ations of greater or less extent and the engineer must so select 
and arrange his illuminants that the change will not be injurious 
or productive of as little injury as possible. 

The possibility of interestingly modifying the character of 
the color ornamentation by modifications in the color of the 
illumination opens up a remarkable field for the display of 
ingenuity and good taste. This phase of the subject is almost 
an art in itself. 

Again, shadows constitute an important means of setting off 
relief design. Such designs are, in fact, little more than arrange¬ 
ments in light and shade, so that any extensive alteration of the 
shadows in direction, extent, or luminosity, will usually consti¬ 
tute a corresponding alteration in the effect of the design. The 
engineer must therefore see to it that the shadows, usually 
essentially altered by artificial light, are changed in such a fashion 
as to produce an interesting effect. Reversal of shadows may 
reverse the apparent projections in the relief. 

It is obvious, then, that where the architectural effects are 
produced by relief ornament, the apparent flattening of such 
ornament by excessive diffusion of light may have a very harmful 
effect. This is particularly true of Gothic design in which the 
characteristic is emphasized by deep reveals and returns pro¬ 
ducing deep and often black shadows with correspondingly 
accented high lights. 

Of course, where loss of shadow is unavoidable, the design may 
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be picked out in carefully selected unsaturated tints. During 
• the day these tints, if carefully chosen, will be inconspicuous 
divine- full play to shadow effects, while during the evening they 
may be accented by proper color or colors in the illumination 
Another consideration that in these days of unlimited indirect 
illumination requires'careful attention is the balance of the de- 
sio- n For artistic effect, where should the emphatic illumination 
be thrown? The answer to this question lies entirely m a keen 
sense for proportion. Generally speaking, interiors are lighted 
bv daylight streaming through windows from the sky above the 
horizon, and the natural result is that almost all well conceived 
interiors are designed to present the best effect when the brilliant 
illumination is on or near the floor; the ceiling and upper parts of 
the room, lighted largely by reflected light, being subjected to 
relatively low intensity of illumination. 

This result is natural, as we require to see well m that por¬ 
tion of the room we occupy and the sense of definiteness due to 
the bright illuminations in the lower planes gives a feeling of 
“ bottom ” to the area so lighted. The reversal of the effect, 
particularly when there is great contrast between the now 
brightly lighted ceiling and the floor, produces a decided feeling 
of unbalance and lack of firmness. The ceiling acquires a prom¬ 
inence not warranted by its purpose. However, as we shall 
later point out, occasions may arise when the architectural de¬ 
sign is such that the light may and should properly be thrown 
first upon the ceiling and then redistributed. But in all such 
cases great care must be taken to balance the effect by correct 
design of the equipment, and in nearly all such installations 
the intensities of illumination must be so low that the contrast 

effect is inconspicuous. _ . 

In the consideration of indirect illumination the question of 
the excessive loss through re-reflection from painted surfaces is 
frequently brought up. But such losses are commonly less than 
would ordinarily be expected, due to the fact that the coefficient 
of reflection of diffuse reflecting surfaces is higher the more dif¬ 
fuse the impinging light. 

Lastly, we have the question of lighting fixtures, to consider, 
for these must, as a rule, form a part of the room furnishing, be 
things of beauty both by day and by night, and being a part of 
the design, they must partake of the character of the design 
both in proportion and decoration and still execute the duty 
demanded of them. 
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So much for one aspect of our problem, although the discussion 
might be developed at great length. What has been said may 
serve to indicate how far-reaching and broad the subject is. 

We now have an equally important series of problems to con¬ 
sider in the design of that part of the illumination concerned 
with the utilitarian purpose to which the interior is put. It is 
unfortunate that the limitations of architecture, and perhaps 
also the limited ability of architects, coincident with the limited 
ability of engineers, makes it impossible for the design of inte¬ 
riors, practically as well as theoretically, always to be suited pre¬ 
cisely to their purpose as human conveniences. If we have the 
money to spend we are prone to demand that our houses as well 
as our working places be merely beautiful in themselves, and, as 
an example, we find ourselves frequently called upon to cope 
with a problem in illumination where the light that will serve to 
set off the beauties of the design is totally inadequate as a means 
of enabling us to use the structure properly. 

Rarely, and generally by accident, the two requirements may 
be made to coincide. Sometimes the illumination designed for 
one purpose may be used to reinforce or be superimposed upon 
the other. Frequently the two must receive independent treat¬ 
ment and the result be so arranged as not to be unpleasant. 

The safest method of attack is to solve each problem separately 
and then cast around for some means of bringing them together. 

From the utilitarian standpoint we have first to consider the 
eye. Arrangements which produce strain, fatigue, and other 
injuries must be avoided. Low intrinsic brilliancy of exposed 
light sources and shading of sources possessing high intrinsic 
brilliancy are imperative. The equipment must be so designed 
that images of the otherwise well-shielded light source may not 
be reflected to the eye from surrounding surfaces of objects. The 
portions of the mechanism for vision—the iris, the eye-brow— 
must be able to perform their functions normally. The maxi¬ 
mum intensity of light must be concentrated upon the work and 
by variations in intensity between the light on work and on sur¬ 
rounding objects the muscles of adjustment must be given oppor¬ 
tunity for exercise. Nothing in lighting can be more unfortu¬ 
nate than an equal distribution of intensity throughout, as then 
the muscles that adjust the iris are kept in a fixed position and we 
should find ourselves much in the same condition of fatigue as 
though we were compelled to hold one arm out straight for a con¬ 
siderable period of time. 
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T+ is better that the change in intensity from the work to 
bounding objects be downward rather than upward as under 
’ n-iHitions the eye is given frequent rests. In libraries and 
reading rooms it is well if this change be relatively great, butcot 
ta°t that the iris, once having opened wide is not given a 
chance to readjust itself within reasonable limits when the eye 
is once more turned toward brightly lighted areas. In general, 
variations in intensity throughout an interior automatieally 
oroduce normal exercises of the optic muscles. Further, the 
reflecting devices used to concentrate illumination upon the 

work must be so disposed and designed that light rays directly 

reflected from the work will not strike the eye 

The color of the light may have a very marked effect upon the 
ease and comfort with which work cai* be done The value of 
the intensity certainly does have such an effect and must be 
carefullv determined in each case by experiment and test. 

These and numerous other similar problems must be studied 
and solved before we are even prepared to calculate the total 
quantity of light flux required and so determine the amount and 

distribution of energy to be used. . ... 

It can readily be seen that in many cases of interior illumina¬ 
tion the sum total effect of the variables which have to be inde- 
oendently determined for each instance, usually by trial, may 
greatly exceed in amount the sum total effect of the constants 
that, with reasonable accuracy, can be predetermined. In this 
lies the principal difficulty in the way of the development of the 
art along any exact lines. Another difficulty is the lack of defi- 


_I—. /-« 4m /-i-n 


progress. . , 1>rr . «. 

Complete and useful values of reflection and diffusion coeffi¬ 
cient from various surfaces variously colored, and subjected to 
various arrangements and color of light; data as to the.spectral 
composition of the light from standard illuminants; sensitiveness 
curves for color in the light of illuminants; exact data on color 
changes and contrast effects; studies of pigments; spectral com¬ 
position and measurements of the light obtained from various 
illuminants transmitted through color screens; all of these and 
many more lines of inquiry must be followed out before any 
great exactness can be introduced into the solution of such 
lighting problems as we are considering. 

There are needed also the results of careful and authoritative 
research into the subject of what has been called ‘ visual acuity, 
that is, the effect of various light arrangements upon the ability 
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The location of the light sources thus haying been fixed, the 
' + _ f flux t o be generated, allowing for the character of 

imposed by the design, can he calculated with 

re Z“S “hTtS work three geneml methods are available, 
all of which are useful. These are, in order of development, 

1. Point-by-point method. 

2. Flux method. 

3. Absorption method. 

We shall devote a few words to each of them. 

The fioint-by-point method employs the ideas of intensity and 
its direction. It attacks the problem in precisely the same way 
that is employed in calculations for intensity or potential gra- 
dient in the electric or magnetic field. The formulas employed 
in the two problems are, in general, identical in form. 

Given a light source having a certain radial distribution o 
intensity, it is generally possible to calculate the intensity m any 
direction at an, point in the light field. The methodUs often 
tedious but, particularly where shadows or glare by reflection is 
concerned, serves as an excellent check on the two remaining 
methods. Geometrical or graphical solutions as substitutes or 
analytical solutions are frequently simpler and equally useful. 

Where surface sources such as skylights of considerable area, 
or wall surfaces considered as secondary sources are concerne , 
the point by point method is generally useful in spite of compli- 

^ThfTpoint-by-point method bears much the same relation to 
the flux method that calculations for intensity bear to calcula¬ 
tions for flux density in the magnetic field. 

In the flux method we either assume an average flux density 
over a given area to be lighted or find the average of the intensities 
at a number of points on the area, the intensity at any point being 
determined by the conditions of the problem or, with a given 
illuminant, calculated by the point-by-point method. The sum 
of the flux values calculated m this way over all the enclosing 
illuminated surfaces, allowing for absorption, etc., is the receive 

flux. A certain part of it may be set aside as useful flux if 

desired. Generally it is all useful. 

The received flux is also the generated flux when we add enough 
to allow for loss by reflectors, glassware, shades, etc. If we 
divide the generated flux by the flux generated per lamp m the 
type and size of lamp we desire to employ, we obtain directly 
the number of lamps required. 
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On the other hand, in using the absorption method, we go upon 
the more logical and exact idea that the flux generated need only 
be that lost by absorption over the various enclosing surfaces 
lighted. Thus if we desire to light a surface to a given average 
flux density, we can apply to this average flux density the ab¬ 
sorption coefficient for the surface, and count the result as the 
flux which must be generated in order to light properly the area 
in question. The results obtained by both “ flux method ” and 



u absorption method ” are of necessity identical when properly 
applied. 

In order now, to give a concrete illustration of the applica¬ 
tion of these principles and methods I shall ask you to review 
briefly the studies and calculations carried out in the design of 
the lighting equipment of a banking room in New York. 

A general view of the room is shown in Fig. 1. Its plan is 
shown in Fig. 2. A view of the room taken at night by its own 
artificial illumination is shown in Fig. 3. 
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The room has ail open central space and smaller ba^s on the 
four sides. A mezzanine is run along the north and west sides. 
The main ceiling height from the main floor level is 30 ft. The 
c eilin g height below the mezzanine is 17 ft., and above, 11 ft. 
The floor area is variously divided into cages, conference 
rooms and offices, by wire mesh screens, marble partitions and 
wood and glass partitions 7 ft. 6 in. high. The main banking 
screen setting off the public space is of solid marble to the 
counter, and glass with marble columns and cornice above. 

The walls, columns and column caps of the main room are of 
marble. This marble has a light reddish buff color—highly 
polished Pavanella clair marble. The ceilings are of plaster. 
The c eilin g of the central space is nearly flat with low relief 
ornament. The ceiling of each outer bay is divided by beams 
and soffits into four coffers in each of which is a plaster rosette. 
The ceilings under the mezzanines are flat. The color of the 
ceilings is generally a light reddish gray buff, the ornament 
and mouldings being picked out in unsaturated tints of led, blue 
and yellow. 

The general character of the architectural treatment is a 
refined classic based on the Ionic order. Delicate and beautiful 
mouldings and leaf ornament are used to set off the structural 
lines and proportions. A refined simplicity is the keynote of 
the design. 

It will at once be seen from the illustrations that the large 
open central space gives the room, otherwise relatively restricted 
in area, an appearance of spaciousness. Therefore, it would 
not be proper to introduce hanging fixtures in this space. In¬ 
deed even if such fixtures might be used, the design of this part 
of the ceiling could not be made suitable to receive them with¬ 
out distinctly marring the effect On the other hand the outer 
bays seem to require some such furnishing if only to carry the 
line of the facia of the mezzanine floor. The crossing beams in 
the bay ceilings furnished a sufficient apparent structural support. 

It so happened that the main banking screen was admirably 
suited in its position to receive such lighting devices as were 
required to light the central space, but since any effect of rows 
of illuminants would have been objectionable as lending too 
great a prominence to this feature of the design it was decided 
to employ indirect illumination, concealing trough reflectors 
in the cornice and leaving it to the fixtures in the outer bays to 
form the ostensible sources of light. For the lack of any such 
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visible source is generally puzzling and productive of unfortunate 
psychological effects. 

The location of the light sources so determined made it theo¬ 
retically possible to produce good shadow effects. By proper 
handling of the side bay fixtures the deep ceiling coffers could be 
thrown into comparative shade and the ornament accented by 
so coloring the light thrown to the ceiling that the tinting in the 
coffer bottoms would be deepened, leaving the rosette, soffits and 
colored mouldings in high light. 

By confining the light thrown upward from the reflector in 
the top of the banking screen within the square defined by the 
beams framing the open central ceiling space, as shown in Fig. 4, 
and by proper adjustment of the light near the sides of this space 
after the reflectors were installed, it would seem possible to pre¬ 
vent any reversal of shadow on the column caps and architrave 
mouldings. The colors of the ceilings could be interestingly 
accented by the use of color screens in these reflectors. 

So much for the upper planes of the room. But the bottom 
of a room is the floor, and the final adjustments must be such 
that the principal variation in intensity is inverse with regard 
to the height—not directly so, but in some multiple thereof 
that will produce the most suitable gradation.' Thus, if if be the 
intensity near the floor and h the height, we may express this 
effect by writing 



where i is the intensity or flux density of illumination at the dis¬ 
tance h above the floor. The value of k is always such that i 
diminishes as h increases. In the room in question k should have 
a value of approximately 2, for, by experiment, this gradation 
seemed to produce the most satisfactory results. 

We have a difficulty here, for, having selected an indirect 
system in general, our gradation is reversed. We can somewhat 
overcome this by so arranging our side bay fixtures that they 
will throw a large volume of light downward in a broad distri¬ 
bution. As we have said before they must also throw light 
upward. But now we meet two requirements that are dominant. 
First, the fixtures must be of the style and proportion suited to 
their location. Second, their intrinsic brilliancy must be low. 
The first requirement determines their size, the second require¬ 
ment taken in conjunction with the first determines the total 
light flux these fixtures can properly produce. 




Fig. 4—North and South Section through Banking Room. 
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The design—a semi-indirect type with interior mirror reflectors 
and top of clean amber diffusing glass—is shown in Fig. 4. Each 
of the large fixtures contains a single 250-watt clear bulb tungsten 
lamp. The smaller fixtures of the same design on the mezzanine 
contain a 150-watt* lamp. The energy of efficiency of these 
fixtures as light generators is comparatively low on account 
of the necessary equipment for color and diffusion. Their “ effec¬ 
tiveness” is, we believe, one hundred per cent. 

The net result of the use of these fixtures is perfect so far as 
the outer bays are concerned, but our gradation in the central 
space is still reversed. This we correct as follows: First by a 
gradation in color as we go up—from a whitish yellow through 
yellow to a warm orange like the light from a wood fire of glowing 
coals; second by low general intensities, and, third, by establish¬ 
ing a graded belt of more brilliant illumination in the public 
space. This last we can, fortunately accomplish by means of 
a trough reflector set in the bottom of the screen cornice as 
shown in Fig. 4. This device serves two purposes. First,-to 
throw light through the screen into the public space, and second, 
to furnish proper illumination on the screen counters as well as 
to light up the faces of the people outside the wickets. In addi¬ 
tion to the light from this source there will also be some increase 
in the illumination of the lower planes in the room by light re¬ 
flected from the working areas. 

These, in brief, are the principal factors that determine the 
character of the equipment for general illumination so far as 
the design of the room is concerned. We now have to take up 
the illumination of the working areas themselves. 

Our first consideration is that the scheme for general illumina¬ 
tion can not be made adequate for working purposes. If the 
flux density were merely increased retaining its distribution 
not only would the architectural effect be weakened but the 
room would be uncomfortably brilliant. Besides a large 
amount of energy would be wasted. 

The working areas constitute the surfaces of the various 
tables, desks and counters, and it is here and here only that any 
great flux density is needed. The total working area on the 
main floor is about 950 sq. ft. The total main floor area being 
approximately 7650 sq. ft., it at once appears how wasteful it 
would be to light this entire area to a high intensity in order to 
produce the same intensity over one-eighth of it. 

Let us assume that four foot-candles are required on the work- 
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area> Then 4 X 950 = 3800 lumens is the working flux 
recuired.' On the other hand, 4 X 7650 = 30,600 lumens is 
!.v,g flux required when the working illumination is obtained from 
‘•"e General room illumination. We shall therefore go on the 
basis that each desk shall be provided with its own lighting de- 
vices. 

A r)a rt from the screen counters, the lighting of which has been 
described above, there are six types of desks and tables requiring 
in all five types of fixtures. These fixtures can be so designed 
that an even normal flux density of four foot-candles will be dis¬ 
tributed over the working area and so directed that, with the 
eve in the normal position, there can be no direct reflection from 
capers on the desk. There is no essential difficulty in obtaining 
this result by the use of sectional mirror reflectors. 



The casings of these reflectors are of drawn bronze given a 
sand blasted oxidized finish to prevent the appearance of images 
by reflection. They also cut off all direct light from the eye. 

The contour of the reflectors is designed geometrically for 
each type by working back from the illumination desired on .the 
desk surface. The principle of the method may be expressed 
analytically as follows: 

Divide the surface to be lighted, Fig. 5, into strips parallel with 
the light source. Let the width of each strip be such that the 
incident flux per unit length of each strip is the same. Let the 
width of one of these strips be A C. From a point E t safely 
below the normal eye position, draw lines such as EB from E to 
the center of each strip. These are the limiting lines of direct 
reflection from the desk surface. Draw B Q so that a = j3. 
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These lines, B Q , are the limiting “ flux lines ” from the illumin- 
ant. Let any one of these lines intersect one strip P R of the 
reflector at Q. Draw A P and C R T and P 0 and R 0 so that 
the angles of incidents are equal to the angles of reflection. 
These lines meet at P, the center of the source assumed to be a 
luminous line, perpendicular to the plane of the paper. Let the 
angle P0R = 9. The angle between A P and C R is also equal 
to 9. Let QO = r,QB = d, and let r + d = s. 

If i is the intensity at B along d then the flux per unit length 
of source, and a strip, A C , enclosed within the angle 9 is 

/3 = 6 si 


Now if I be the source intensity in c.p. then 



from which, and the structural conditions the reflector contour 
may be plotted. 

A view of one desk lighted is shown in Fig. 6. 

The calculations for the semi-indirect units and the indirect 
reflectors are based upon the same reasoning. It is important, 
however, to determine the angle at which the reflector in the 
semi-indirect unit be set. 

In Fig. 7, let A B be the lamp filament. Let PR be a section 
of the reflector. Let b be the distance along the ceiling from 
the axis of the fixture to the point B at which it is desired to 
reinforce the flux density. It is required to find ol, h being 
given. 

Then , . _ 

a = l [I ~ tan_l ( jP' ) ™ 1 

depending upon whether the center of the filament is above or 
below h. With a given of course h can be found. 

Now let it be assumed, that on the central ceiling space of the 
room [above discussed, we require an average apparent normal 
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intensity of reflected light of one candle. • The surface being a 
reasonably good diffuser, the reflected flux per square foot is ap¬ 
proximately 1,07T = 4.7 lumens. 

The ceiling area being 197(5 sq. ft., the total reflected flux is 
1976 X 3.1 = 6125 lumens. Let us take 0.45 as the average 
absorption coefficient. The total flux absorbed is then 11136 
— 6125 = 5011 lumens. Assuming 30 per cent average ab¬ 
sorption in our color screens (seen in Fig. 1) and loss in reflector 
we have as our net generated flux 8350 lumens. This can be 
generated by 44 25-watt lamps. Actually, and after trial, 36 
were used. 

The reflectors, however, were made considerably longer than 
the calculations indicated so that the necessary adjustment for 
shadows and color could be made. Finally about half ruby and 
half light amber screens were used, the ruby being central. 
It is perhaps, needless to say'that the reflectors were so designed 
as to prevent any appearance of glare or sight of the lamps from 
the mezzanine floor. 

A curve of normal intensities due to the illumination on the 
ceiling on a plane 30 in. above the floor is shown in Fig. 4. These 
intensities are calculated by the point by point method, using a 
formula given by the writer in a paper “ On Finite Line and Sur¬ 
face Light Sources.”* 

Let us now consider for a moment the method of obtaining the 
total generated flux required. This can be simply shown by 
the following table. 


|. 

Surface 

Area 
sq. ft. 

Average incident 
flux density 

Absorption 

coefficient 

Diffusion 

coefficient 

Required flux 
lumens 


Central 






fS 

ceiling 
Side bay 

1976 

3.0 

0.45 

1.00 

5011 


ceilings 
Soffits 
Mez. ceiling 
! Upper half 

2900 

184 

1875 

2.0 

2.0 

2.0 

i 

0.40 

0.40 

0.50 

1.25 

1.26 

1.00 

2320 

147 

1875 

fj ' : 

| walls 

| Lower half 

5368 

1.7 

0.30 

1.45 

2689 


walls 

| Upper half 

5368 

1.7 

0.30 

1.45 

2679 

1' 

■#. ; : .i 

$ X, J 

columns 
Lower half 

1055 

2.5 

0.30 

1.45 

738 

columns 

Floors 

Total rpnnii 

1055 
8333 ! 

j 
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The calculations for the above are as .follows. Let i be the 
required apparent normal intensity of reflected light per square 
foot of surface. If the surface shows perfect reflection as 
from a mirror then the intensity of the reflected beam in 
the direction of the angle of reflection equals the intensity 
of the incident beam in the direction of the angle of incidence. 
The received and reflected flux will, of course, be the same. 
So, if i r is the intensity of the reflected beam, and is the inten¬ 
sity of the incident beam, i r = The normal intensity in this 
case is i r cos 8 where 6 is the angle between the normal and the 
direction of i r . On the other hand, when the surface shows per¬ 
fect diffusion, the maximum intensity of reflected light is along 
the normal. In any other direction it is i cos 6, where i is the 
normal intensity and 8 the angle between the normal and the 
direction in which the intensity is measured. The polar or 



Fig. 8 


intensity curve of such a surface bounded by a circle is itself a 
circle whose diameter is the normal intensity and which is tangent 
to the surface at its center. The polar surface is therefore a 
sphere, and the reflected flux through a hemisphere bounded by 
the surface is 7 r i lumens. 

We may have every variety of diffusion between these two 
extremes. 

If then, as in Fig. 8, where 0 A B is the polar curve of reflected 
intensities, we measure the normal intensity as i , 7 riwill not give 
us the actual reflected flux, due to the high component of direct 
reflection. To obtain it we must multiply ir i by .some con¬ 
stant which we shall call the diffusion coefficient. For the 
same surface, this coefficient will be different for different 
arrangements of incident light. For a surface carefully painted 
with a non-lead priming body and a non-lead finish finely stippled 
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we may take the diffusion coefficient to be 1.00 and practically 
independent of the arrangement of incident light. 

' Now let Cd be this coefficient. We may then write for 

the reflected flux 


If C be the absorption coefficient, that is, the fraction of the 
incident flux absorbed by the surface, then the incident flux 
must be given by 


(1 - Ca) ft = 7T i Cd 

In the case of any closed surface receiving a flux of energy 
from sources within the surface the only loss of energy is 
that absorbed by or transmitted through the surface. Hence 
to maintain a given quantity of energy within the surface the 
enclosed sources must constantly supply the losses. 

We may then write for the total flux to be generated by the 
light sources in any given enclosure 

|3 = 2 ft 

S 

The total required flux given in the above table must be further 
increased by the losses in the fixtures and equipment to find 
the total flux generated at the lamps. 
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Discussion on Industrial Illumination and the Average 
Performance of Lighting Systems ” (Clewell), and 
“ The Problems of Interior Illumination ” (Tones) 
Boston, Mass., June 26, 1912. 

D. MeFarkn Moore: Mr. Jones has given us a demonstration 
which proves the fallacy of attempting to illuminate any interior 
without giving very careful attention to the matter of shadows. 
The problems of interior illumination are generally duplex, that 
is, attention must be given to daytime illumination and night 
time illumination. There are some instances, however, when 
it is not desired to produce at night time the same effect as in 
daytime. 

However, our object, generally, is to attain the ideal, and the 
more diffused the light, the more nearly will it approach day¬ 
light conditions. In most apartments it is impossible to arrange 
for the entrance of daylight from above, and we are compelled, 
perforce, to use windows, and therefore shadows naturally 
result. We have, just had a demonstration that proves that 
shadows have their uses and if they are eliminated entirely, the 
result is not. usually desirable to the architect. But the 
happy mean is right as regards shadows, as well as everythin^ 
else in this world. 

Mr. Jones has also put us all through some rapid-fire visual 
gymnastics with color. Our final commercial object should be 
to devise the apparatus of our artificial lighting sources so that 
these valuable color effects can be produced with the greatest 
ease. 

The ideal method is not by means of colored glasses. A more 
scientific procedure is to vary, directly, the color of the light 
source, which can best be accomplished by substituting, for our 
heated solid conductors, various colored gaseous conductors. 

Preston S. Millar: It is very difficult to discuss a demon¬ 
stration, particularly when it is a good one. One can do little 
more than compliment the demonstrator and hope that some 
time he may have an opportunity to see it again. 

It seems to me that Mr. Jones’s paper sets before this joint 
meeting of electrical and illuminating engineers the field of 
illuminating engineering in an excellent manner. It discusses the 
principles of illuminating engineering and then illustrates their 
application in a notable installation. 

Prominent in that discussion is the comment upon the question 
of efficacy of lighting, the achievement of certain desirable 
lighting effects, and efficiency; and Mr. Jones points out that 
the proper lighting effects must be secured efficiently, if possible 
but must be secured inefficiently if necessary. This indicates 
the importance of the scientific study of these problems and the 
importance of securing the effects efficiently. 

It has been demonstrated that if an illumination installation 
provides lighting which is at once properly diffused, properly 
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directed, and of a proper color value or intensity, that lighting 
system becomes expensive, perhaps two or three times more 
expensive, in both equipment and operation, than it would be 
if it merely lighted the place, but not properly, from these 
various standpoints. The question of efficiency, therefore, is 
of even greater importance when lighting is undertaken in this 
highly desirable manner. But it is so easy to lose a very large 
percentage of possible obtainable efficiency by ignoring the 
optical laws or selection of the proper illuminant, etc., and I 
have had an instance only recently brought to my attention in 
which the proper lighting effect was obtained, but most ineffi¬ 
ciently, because the optical laws involved and the characteristics 
of the ’illuminant were ignored. 

I know that Mr. Jones has made a considerable study of these 
matters, and it seems to me if he had laid a little more stress 
upon the cost of the experimentation which he has gone through 
in order to secure the effect he has obtained he would have 
placed the general illumination problem before us a little more 

broadly. _ „ , T 

Charles F. Scott: With reference to Mr. Clewell s paper, I 
happened to be associated with Mr. Clewell in the general work 
on which this paper is based. . It- was in connection with the 
lighting of a large factory. Some improvements were to be made. 
Although a number of us who constituted the lighting committee 
were reputed to know something about the subject, electrically, 
and from the standpoint of illumination, we immediately called 
for experts associated with different companies in the illumina¬ 
ting business, to come and tell us what we ought to do. One 
of the surprises which came to us in connection with this call 
for expert opinion was when we found that these engineers 
could not look at a room and tell us, “ You want to put in so 
many lamps of such a size, and such a kind of reflector—that is 
the thing to do.” The rooms were simple, and of the same size 
as other°rooms which had been lighted, the space to be lighted 
was no more than is met with in any average case, but no, they 
wanted to study the conditions, and see what was to be done, and 
get exact measurements of the room, etc., and go home and 
study over the proposition for several days before they would 
give an opinion as to what was the best thing to be done. 

A few months later, in lighting one of the offices in this same 
factory, an office some 20 ft. (6.1 m.) square, we had first 
the single light in the center of the room, and then a number of 
individual lights over the desks, but we took out the single light 
in the center and put in a cluster of four lights, and that made a 
vast improvement over the illumination given by the single light. 
We thought that did not go far enough, and put up some smaller 
l am ps, three rows of three lights each, all the lamps to be lighted 
at once, and had them burning several days, and tried to see 
which light was best, so that we could get along without the 
individual carbon lamps, etc. The assistant to the president 
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came lound one day and said, “We want to get this place 
lighted, and if your committee will stop this foolish experiment - 
mg you may accomplish something. You look as if you did not 
know what to do. Ask the people who are using the lights what 
0j &nd then go away and leave it, and we can go ahead and 
light this factory/” 

That illustrates the type of man who is frequently met in the 
work of installing lighting systems. People do not understand 
these things, .and the kind of analysis which Mr. Clewell has 
given shows in a simple way how the putting up of ordinary 
lights, with bell-shaped reflectors over them, is not a thing to 
be done in the abstract, but in the concrete. It is a place where 
theory and practise do. combine, and where different kinds of 
practise may be combined with theory. 

From the demonstration we have seen, we all know it is most 
obvious, when it is pointed out, that the shadow effect and color 
effect depend on the direction of light, intensity of light, the 
color of light, etc. It took a quarter of a century for the electric 
lamp to realize that it was not to replace the gas jet, but the 
electric lamp did overcome the use of the chandelier. We have 
got. rid of the chandelier, but still we try to imitate the candles 
which are a thousand years old; we cannot seem to get away 
from the old things. We must learn to be illuminating engineer¬ 
ing decorators. 

In. reference to Mr. ClewelTs interesting diagram showing the 
spacing of the lamps and the direction of the light, a rough 
approximation to what.he has there is to divide the space above 
the plane of the table into cubes and put a lamp at the center 
of each cube. The height of the ceiling from the floor is 12 ft 

* o 6 rf { \ the table is 4 ft * 2 m *> then the ceiling 
is b tt. (2.4 m.), above the plane of the table, and therefore 
the lamps should be 8 ft. (2.4 m.) apart, and that is what he 
has.. This rule does not carry out fully, but is a close approxi¬ 
mation to what Mr. Clewell's diagram shows. 

Not long ago I visited the office of one of *the largest lighting 
companies in this country. The engineer showed me about, 
and incidentally showed me the lighting in some of the offices, 
there were two drafting offices. One had indirect lighting and 
the other was lighted by a wretched type of illumination, the bare 
tungsten lamps hanging over each desk, about 18 in. (46 cm.) 
above the desk. It was a remarkable illustration of faulty and 
criminal illumination, which it is our purpose to do away with 
and to educate the people to a knowledge of its shortcomings. 

chief draftsman who had charge of both rooms: 

I see you have both kinds of lighting here—the indirect 
lighting and the bare tungsten lamp. Suppose you had to use 
one room altogether,, for the sake of getting work out for the 
company, if it took eight .hours to do a certain piece of work in 
this poorly lighted room, in how many hours would you expect to 
do the work in the other room?” He replied, “ It would probably 
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take from an half hour to three-quarters of an hour less to do 
the work in the other room.” In other words, there was a gain 
of from one-half to three-quarters of an hour by having good light. 
I then asked him the cost of the draftsmen and the cost of the 
lighting to compare one with the other, and he said that the differ¬ 
ence in the cost of the lighting was equivalent to the cost of the 
draftsmen's services for a period of five minutes in each day, so 
that if the lighting had been as good in one room as in the other, 
there would have been a saving of from one-half to three 
quarters of an hour each day. We ought to realize, therefore, 
what a great economy there is in efficient lighting. 

A. E. Kennelly: In pursuance of the idea which Professor 
Scott has given, I would like to draw attention to one detail of 
Mr. ClewelTs paper, which is, by the way, a plea for the duster, 
and shows us that, in illuminating engineering, cleanliness is 
next to luminescence. The constants are worked out very clearly 
as to the money value of cleanliness and, of course, they are 
convincing as a matter of simple arithmetic, from the standpoint 
of producer and consumer combined. Say it costs one dollar 
an hour to light a certain hall, if all the light is cut off by dirt, 
all that dollar is wasted, and if half the light is cut off fifty cents 
an hour is wasted. An important point was touched upon by 
Mr. Scott—the value to the consumer alone, as distinguished 
from the combination of producer and consumer. Suppose the 
lighting in a work room, as compared with the original illumina¬ 
tion when the installation was first made, is cut down by dirt 
to the extent of 10 per cent, without making any noticeable 
difference in the amount or quality of work done in that room, 
the question arises whether the cost to the consumer of clean¬ 
liness is anything like the proportional value of the lost light, as 
long as the depreciation in the illumination value of the lamps 
does not interfere with the work. The moment dirt begins to 
interfere with the work, and cuts down the volume of the work, 
so that the consumer cannot earn as much as he did before, his 
production is less in volume, and there is manifestly a rapid 
rise in the cost of the dirt from his standpoint. 

E. B. Rowe: I do not know that I can answer specifically 
the question raised by Dr. Kennelly, but there is one point which 
might be brought up in connection with Mr. Clewelhs paper, 
which he omitted, perhaps intentionally, and which I might 
point out in connection with the poor conditions under which 
the tests were made. These tests did not include any considera¬ 
tion of the effect of depreciation of the walls and ceilings, which 
are important factors in many cases. For example, in certain 
industrial installations, in light manufacturing spaces, it is 
customary to have light walls and ceilings which, by means of 
their diffused reflection, increase materially the total efficiency 
of the installation. The effect of dirt and dust depreciation of 
walls and ceilings may therefore be considerable. In one series 
of tests which were made under average city conditions this 
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loss by decrease in reflection from ceiling and walls, which were 
originally white, amounted in the course of three months to 
from 10 to 14 per cent. These figures, of course, are only approxi¬ 
mate and hold true only for the conditions under which the tests 
were made. 

C. E. Clewell: In connection with Mr. Rowe’s suggestion, I 
may say that practically all the installations tested were sur¬ 
rounded with very dark walls and the tests on the installation at 
the end of the run showed the illumination to be practically the 
same as at the start, so far as the surroundings are concerned. 
It would be very effective in the case of surroundings of light color. 

Charles F. Scott: Referring to Dr. Kennelly’s remarks, in 
illumination we have to do some things that are big steps. It 
becomes a concrete rather than an abstract theoretical science. 
To illustrate what I mean, I will refer to the computations which 
you make on long-distance transmission lines. You figure out the 
resistances to three or four distant places, and the efficiencies to 
several points, and then you take the nearest size of wire, which 
may take a 25 per cent jump. So in illumination, in considering 
a certain room we may say, if we can get along with 10 per cent 
less light, what is the need of cleaning lamps? Or, we might have 
put on, in the beginning, 10 per cent less of lamps, and got our 
necessary illumination, that is, might have secured a given 
amount of light from a few clean lamps, instead of from a greater 
number of dirty lamps. In a large hall where the lamps are 
inaccessible, it may be cheaper to let the lamps run somewhat 
dim and have more of them, than to have a man climb up to the 
ceiling every week or two and dust them off. The particular 
cost of the cleaning in the particular place, as well as the cost of 
power and the number of hours burning per day, are all factors, 
but to get a given amount of light, we can in many cases put in 
fewer lamps to begin with, and by keeping them clean can secure 
the maximum amount of illumination from those lamps. 

Clayton H. Sharp: Referring to Mr. Clewell’s paper, I 
think it contains a good deal of matter of value, and a consider¬ 
able amount which is not entirely new. The efficiency values 
which he gives, the ratio of the lumens generated by the illumi- 
nant to the illumination effective upon a certain plane, have been 
worked out for a good many classes of installations before, but 
it is useful to have the additional data on this question which 
Mr. Clewell gives us in his paper, particularly since they refer to 
shop lighting. The deterioration values for the plant as a whole 
have also considerable novelty and a great deal of value. I 
think, however, we should very clearly bear in mind that the 
illumination of a shop is not a question of simply so and so many 
foot-candles upon a certain uniform plane, but that the illumina¬ 
tion required is dependent to a very large degree upon the 
character of the work to be done, and particularly upon the 
reflecting power of the surface upon which the operator is work¬ 
ing. The direction from which the major part of the rays of 
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light comes, the diffusion of the light, the proper ratio of direct 
to general illumination, the protection of the eyes of the operators 
are also of very great importance in machine shop ill umina tion. 
It follows that the problems involved in shop lighting can be 
solved only by a careful study of individual cases and of individ¬ 
ual machines. No wholesale method, no general solution, such 
as producing three foot-candles of illumination on a plane 30 in. 
(76 cm.) from the floor, suffices at all as an answer to the 
questions involved in the proper illumination to enable operators 
to see. and carry out their work as rapidly and conveniently, 
and with as little fatigue, as possible. From this point of view’ 
the data which Mr. Clewell gives in showing the wages value 
of the lighting of the shop, the cost of lighting interpreted in 
wages value, are extremely interesting. They show how insig¬ 
nificant a factor the cost of the lighting really is, and how uneco¬ 
nomical it is to use anything less than the most full and most 
effective illumination. To curtail the amount of light used by 
operators is the worst possible kind of economy. At the same 
time it must be remembered that the word of the operative as 
to the amount of light he needs cannot be taken at its full face 
value. The amount of light which is really required is something 
which itself requires experimental study and careful measure¬ 
ment. The elimination of disturbing factors, such as glare and 
specular reflections, has a very strong influence on this, so that 
the judgment of the operative on the question needs to be sup¬ 
plemented by that of some one of more experience, the judgment 
of an illuminating engineer, who can determine these things 
with more, certainty. It is clear, therefore, that the purely 
utilitarian illumination of a workshop is not a simple matter but 
a complex one, requiring the exercising of the best talents of the 
illuminating engineer. 

Mr. Jones has shown us how carefully the decorative effects 
demanded in an entirely different class of illumination require to 
be studied, how the shadows and shades and the colors of the 
light have to be very carefully worked out, and that is very 
complex and requires experimental study. 

It used to be said that illuminating engineering consisted in 
using tungsten lamps and holophane glassware. I tbinV that 
what we have learned from these papers and demonstrations 
shows that there is a good deal more than that in the science and 
art of illuminating engineering. 

F. C. Caldwell: There are two points that may be deduced 
trom these two papers. The deterioration in the light due to,the 
of the lamps, and especially to the lack of cleanliness, 
ought to be taken into account in the original design of the illum¬ 
ination. In many cases this is overlooked, and the illumination 
is designed on the basis of what the lights will give in their origi¬ 
nal condition. 

j.^ no ^ er point, which is very important in some cases, is the 
difference between illumination for use during the evening and 
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for use during even a short period following daylight. It 
appears that in many cases a higher degree of illumination is 
really needed for a short period following daylight than for the 
whole evening, because the user of the illumination compares it 
with the daylight that he has been working with. The effect of 
the strain, on the eyes of a person who uses the artificial illum¬ 
ination for only a short time after daylight, may be quite severe, 
owing to the great change from the use of daylight to the use of 
artificial light. 

G. H. Stickney: It is interesting to note that these two papers 
illustrate the scope of illuminating engineering problems, as 
well as different typical methods of solution. Mr. Jones has 
treated problems of the class in which the dominating considera¬ 
tion is artistic effect, while Mr. Clewell has selected installations 
where utility and cost are the prevailing factors. In the first 
case cost is a secondary consideration, while in the latter the 
esthetic appearance is of minor importance. 

Again, in treating the problems, Mr. Jones has followed the 
laboratory method, while Mr. Clewell has adopted the practical 
installation method, or, as a lawyer would say, the “ case 
system.” Each has its advantages and limitations and is at its 
best when supplemented by the other. 

The question of depreciation was mentioned by Dr. Kennedy. 
Depreciation is sometimes divided into two components, which 
have been designated as £C inherent depreciation ” and “ acquired 
depreciation.” “ Inherent depreciation ” is that due to the peculi¬ 
arities of the lamp independent of its environment. It includes the 
internal coating of globes, decreased activity of illuminating ma¬ 
terials, etc.- All types of lamps are subject to inherent depreciation, 
but some types are more affected than others. “ Acquired depre¬ 
ciation” is that due to the external conditions under which the 
lamp is operated. For example, the accumulation of dust and the 
darkening of ceilings and walls. “ Acquired depreciation ” is 
independent of the type of lamp, though it may be largely 
dependent on the character of the maintenance. Proper cleaning 
will keep it at a minimum. 

This question of cleaning has been often discussed, but in 
spite of this it has not received the practical attention which it 
deserves. The illumination from an ordinary installation is 
either much poorer than it ought to be, or more expensive, 
due to lack of proper cleaning. Mr. Clewell shows how profitable 
cleaning is. Experience indicates that, in a large establishment, 
proper cleanliness can only be secured by organized cleaning at 
regular intervals. 

Other points which have been brought out and which deserve 
particular emphasis are the low cost of operating a good lighting 
installation in proportion to the value of the illumination. 

It is hard to understand why some plants still cling to an 
obsolete lighting equipment, when a modern installation requires 
but a small investment, as compared to the cost of a year's 
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□aeration. Initiative in this direction is amply rewarded in 
improved illumination and often even a reduced annual cost of 

operation. . . 

'William J. Hammer: I wish to express my appreciation of 
the practical value of these two papers. One point I 
wish to bring up, which Mr. Scott has already referred to. It 
is a thing in regard to which every electrical engineer should 
take a firm stand—that is, the criminality of placing brilliant 
and bare incandescent lamps in positions where the .eyes of 
operators and workers will be injured. I will cite one instance 
which recently came under my personal observation. I recently 
went into the offices of one of the leading scientific and engineering 
organizations in this country and noticed the stenographer 
writing at her typewriting machine with a powerful tungsten 
lamp throwing light directly into her eyes, and the light reflected 
from the white paper she was writing upon. I said, “ Don’t 
you feel a good deal of eye strain?” She said, “ Yes, the writing 
gets so blurred at times that I cannot read it.” I said, “ You 
have a good deal of headache?” She answered, fC I have head¬ 
ache all the time.” I then remarked, “ You have a good deal of 
dandruff?” She said, “ Yes, it bothers me a great deal.” I 
said, “ If that light is not changed you will lose your hair as 
well as your eyesight.” I took a string and tied the lamp back so 
that the light came over her shoulder and was kept away from 
her face, and I think it is still hanging in the position in which I 
tied it, at least it was when I went in there the last time. A 
good many people who knew about the bad effects of such an 
exposure of the eyes to a strong light went into that office and 
saw that lamp hanging there before I did. Many of us now walk 
along the street and see powerful tungsten and other lights 
blinding the people passing the store windows and in the homes, 
offices and shops the people are not only destroying their sight 
but their hair. We should take that matter up and use our 
influence in having that corrected by the proper placing of 
the lamps, and the use of proper shades and diffusers. 

One other thing occurred to me during the discussion, the 
importance of taking care of the deposits on the reflecting sur¬ 
faces, besides the surfaces of the mere shade itself. A prominent 
efficiency engineer told me that he had succeeded in getting the 
cleaning of windows in a factory down to four motions, and hoped 
to get it down to three motions. We all realize, though we do 
not bother our heads much about it, the need of keeping windows 
clean so as to let in the daylight. If we are efficient engineers in 
regard to illuminating problems, let us take care of that factor 
also, and see that all reflecting surfaces are kept clean and in the 
best possible condition. I asked the same efficiency expert if 
it v as not better at times to replace the glass windows instead of 
attempting to clean them. He replied that this was frequently 
the case. 

. A- Champlin: Reference has been made to lighting draft¬ 
ing rooms and also the manner of interior lighting through 
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windows in the daytime, and I would like to ask if any particular 
effort is made to use the same direction of illu mina tion with 
artificial illumination as you get through the window? In the 
drafting room the tables will always be so arranged that the 
lighting is most effective and in the proper direction for the use 
of a draftsman during the daytime. The window lighting will 
give him light so directed that the shadows will not interfere 
with his work, but I have noticed in most drafting rooms that 
the artificial lighting is not so placed, but is often placed so 
that it directly reverses that condition, so that the draftsman 
has to work on the other side of his triangle, and perhaps even 
of his T square. I wonder whether there is any effective means 
of duplicating the direction of lighting from the windows when 
artificial lighting has to be resorted to. Of course, if we do 
not get the direction right the draftsman will “ plug in ” some¬ 
where and use a portable light, much to the detriment of his 
eyes, as has been pointed out by Mr. Hammer in the case of 
the stenographer. 

C. E. Clewell: Answering the question of Mr. Champlin, 
I may say that very often the artificial light can be made to 
exceed in its advantages the direction of daylight;' that is 
mainly brought about by the use of so-called semi-indirect 
lighting, which has been used in a great many cases under my 
own observation, and produces results which really exceed 
disadvantages of daylight. The directional features in the semi- 
indirect lighting are such that the shadows are not reversed from 
what they are in the daylight. 

Dr. Sharp, called my attention to the possibility that my paper 
may have given the idea that the refinements or problems of 
industrial lighting were very simple compared to the decorative 
features which had to be considered in such problems as have 
been described by Mr. Jones. I did not wish to give the impres¬ 
sion, by the various items which are set forth in my paper, 
that the problems in industrial work are not complex. For 
example, in one large installation it was found necessary to mak e 
a study extending over several months, in order to get the direc¬ 
tional features of the light properly proportioned and placed 
with respect to the individual class of work. It was found, for 
example, after making a study of the needs of the inst alla tion, 
that.merely distributing the light uniformly over the work, with 
a uniform capacity of the light, to a certain point on the average, 
would not at all solve the problem in this case, and it was neces¬ 
sary to raise and lower the lamps, and try different classes of 
fixtures so as to increase the light on a vise, for example, and for 
different classes of very fine work. 

Another interesting problem has been the feeling oh the part 
of workmen that individual lamps must be used in connection 
with some classes of work. In one installation, where three 
100-watt tungsten lamps were installed on the eighth floor, 
and in which, prior to the installation of the new system, a 
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good many hundreds of incandescent lamps were used, the 
superintendent, foremen and workmen themselves said that 
the individual lamp could not be dispensed with. We requested 
the foremen of the various floors to permit us to remove the 
individual lamps for a period of one month, during which time 
the workmen should try to perform their duties by the use of 
the overhead light, with the understanding that if it was not 
satisfactory we would put back all the individual lamps called 
for. We removed something like 1200 individual lamps, and 
after the month was over we were called on to put back merely 
two or three dozen on a floor space of 250,000 sq. ft. (23,225 
sq. m.). This shows that the notions of the workmen, or even 
the superintendents themselves, cannot always be relied on in 
the matter of the light that is required. 

The idea that I wish to emphasize in closing is that the prob¬ 
lems are exceedingly complicated, even in those cases which seem 
most simple, for example, in industrial work, where the matters 
of reducing shadow effects and producing certain color effects 
are most important, in interior work, and you will therefore see 
that there are many difficult and important problems in con¬ 
nection with the proper lighting of industrial plants. 

CharlesF. Scott: A man in the mechanical engineering pro¬ 
fession, Mr. Hunt, said to me something I want to say to the 
illuminating engineers particularly. He had a drafting room and 
a factory, and had tried different kinds of light. He said, “ The 
great thing now is that we can lay out our factory and drafting- 
room without reference to windows, considering only the effi¬ 
ciency of the machines and the progress of the work, and we can 
get our light from artificial illumination, which is better than 
daylight.” 

M. Luckiesh (communicated after adjournment): In reply 
to Mr. Champlin’s question I would like to present my experience 
in attempting to imitate daylight distribution in an interior by 
the use of artificial light. A room with three windows—two on 
one side and one on the other—was fitted with removable dummy 
windows made of white diffusing cardboard. These dummy 
windows were placed in the window openings and illuminated by 
means of a special reflector hung on a bracket about 2 ft. (61 cm.) 
from the wall and near the top of the window. These reflectors 
were so adjusted that about the same relative distribution of 
brightness on the windows was obtained by artificial light as that 
presented to the view under daylight conditions. The distribu¬ 
tion of light in the room was quite like that prevailing under 
the natural lighting conditions. The effect was pleasing. No 
measurements of the percentage of total lumens effective on a 
horizontal plane were made, but an idea of the possible 11 effi¬ 
ciency ’ 5 of the installation is gained from such measurements on 
daylight in the same room. It was found that 33 per cent of 
the total lumens of natural light which entered the room was 
incident on a horizontal plane 36 in. (91 cm.) from the floor. 
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This shows that the “ efficiency ” in a room with light walls and 
ceiling need not be prohibitively low with this kind of an installa¬ 
tion I believe, however, that in many cases artificial lighting 
can be made far superior to natural lighting. Certainly special 
cases will arise where such a scheme will be useful. 

Some experience with this trial installation gives some infor¬ 
mation relating to the. point which Mr. Caldwell brought forth, 
namely, that more artificial light is needed just as daylight fails 
than later in the evening. This of course depends entirely on 
conditions. If daylight fails gradually and the lights are switched 
on at the proper time the eye will have become adapted to its 
new condition and no change will be noted. From a practical 
standpoint the eye becomes, adapted to a change in illumination 
m a very short time. The installation just described permitted 
the closing of the dummy windows in a few seconds, thus chang¬ 
ing from natural lighting of about 50 foot-candles on the test 
plane to artificial lighting of about 2 foot-candles. No more than 
a minute or two was required to become quite adapted to this 
abrupt change. 

Roscoe Scott (communicated after adjournment): After 
reading Mr. Clewell’s instructive paper, I am convinced that 
the test data he gives should, be a valuable addition to the note¬ 
book of any illuminating engineer, especially of those who have 
to deal with the lighting problems of shops and mills, including 
the maintenance of lighting equipment. I wish to confine my 
discussion, however, to that section of the paper, near its close, 
entitled Economic Relations.” 

The three charts comprising Fig. 16 bring out in a very forceful 
manner the pettiness of the illumination cost as compared with 
the cost for labor in the average industrial plant. One conclusion 
must certainly be drawn from these charts, namely, that a very 
considerable percentage increase in lighting expense may be 
justified if it will produce an increase—even a small increase— 
m the efficiency of labor. Some time ago I worked out sets of 
curves intended to show graphically the general relations between 
the several variables which must be considered in estimating 
that increase in lighting expense which will result in the maximum 
net saving for an industrial concern.* One of these charts may 
be worth reproducing in this, connection. On it the net saving is 
plotted (see figure) as ordinates against increase in lighting 
expense as abscissas. As this is intended to be a general graphical 
solution of the problem, the variables are necessarily expressed 
as percentages rather than in absolute measure. 

The increase in labor efficiency (a on the chart) should be 
understood as being measured by the resulting decrease in cost 
or the profitable improvement in quality of the manufactured 
product; it may o.r may not be directly measurable in terms 
of the increase in individual production. 


*See Electrical World,, Feb. 10, 1912, pp. 317-319. 
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Tv e chart reallv consists of several distinct sets of curves one 
•A-; r eac h value of a (the expected per cent increase m labor 
vA-rv) In using the chart one picks out the particular 
of curves labelled to correspond with the assumed value 
“7 and then follows up the line corresponding to the given 
77 0 f x (for definition of this symbol see chart), on which line 
Tsaving' corresponding to the assumed increase or decrease 
i ii CT htin CT expense may be found as an ordinate. As a numerical 


example : 



Definitions: x = Ratio of lighting to labor expense (percentage) 
a =Increase expected in labor efficiency (percentage) 
b x 

100 


Ten compositors employed on a night shift in a large print 
shop receive an average wage of $25 a week. The present 
lighting system costs $1.75 per week. 


Then 



The manager estimates that the improvements in the illumina¬ 
tion system necessary to produce a 1 per cent increase in efficiency 
of the men will increase his operating expenses for lighting by, 
say, 15 per cent. Referring on the chart to the bundle of lines 
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marked 11 a — 1 ” we find by interpolation the point where 
a line corresponding to x = 0.7 would cross coordinate b = 15. 
This point is seen to correspond with a value of S , the saving, of 
0.9 per cent. That is, the net weekly saving expected is 0.9 
per cent of $250 = $2.25. By trying different values for 5, 
with the corresponding estimated values for a , a condition which 
will give the maximum net saving (“ on paper ”) may be found. 

Of course, the value of a —by far the most important factor 
in the calculations—must be estimated from the proposed changes 
in the illumination, rather than directly from the increase or 
decrease in operating cost consequent upon such changes. The 
difficulty of estimating it is enhanced because so many factors, 
such as diffusion, direction and color, as well as intensity of 
light, must be taken into account in deciding the comparative 
value of two or more industrial lighting installations from the 
labor-efficiency standpoint. 

We must rather ruefully admit that the illuminating engineer 
who has amassed any considerable amount of data of value to a 
practical man in determinings for his particular case, be it the 
lighting of a silk mill, a clerical office or what not, is the excep¬ 
tion rather than the rule. Such data—into which the human 
element enters so largely—must invariably be based on exper¬ 
ience or special test, and are particularly hard to obtain. If 
those who have reliable figures would place them—in addition to 
the purely physical data that Mr. Clewell has presented—before 
the members of the national technical societies they would be 
of untold benefit in the future application of industrial lighting 
economics. 

Bassett Jones, Jr.: Mr. Moore brought up the question of 
the diffusion of daylight. We have heard a great deal in the last 
few years of the necessity of copying daylight in interior illumina¬ 
tion, both as to color and diffusion. My own personal opinion 
is that rarely can the problems of interior illumination be solved 
by any attempts to copy daylight. The differences between all 
sources of artificial light and the sources of daylight are to great 
to permit any true similarity in their effects. Having read 
Mr. Luckieshfs communicated discussion I should like to add 
that I entirely agree with his statement that daylight can even 
be improved upon by artificial means. I tried to draw at¬ 
tention to the fallacy of the superiority of daylight some time 
ago in a discussion of a paper by Prof. Nichols presented 
before the Illuminating Engineering Society, but at that time 
daylight and efficiency were the passwords of the art, and 
my attempt was quite bare of results. As far as the diffu¬ 
sion of daylight is concerned, the relation of directed day¬ 
light to diffused daylight can be very readily discovered by so 
holding a piece of white cardboard that one side is exposed to 
direct rays from the sun and looking at the other side. The 
difference in intensity between the two sides of that sheet of 
paper will be enormous. In other words, a large proportion of 
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daylight is directed light. The moment we have an overcast 
sky, so that the light is thoroughly diffused, we have trouble 
in seeing, and particularly if the sky is not very dense. There 
is under such conditions a decided tendency to shade one’s 
eyes. Perfect diffusion is not good for the eye, because the 
eye is not given a chance to perform its proper function. 

Of course, in interiors it would be ridiculous to attempt to 
reproduce the intensity of daylight. In the first place, if we are 
going to do work in the open daylight, work which requires close 
application of the eyesight, we want to be shaded from the day¬ 
light. If you are reading a book in the daylight, you usually 
seek a shaded place in which to read, or if there is no shaded 
place you will open your umbrella and read the book under the 
umbrella. Consequently, for artificial interior illumination, 
the solution of the problem cannot be determined wholly from 
the conditions of daylight illumination. 

Mr. Moore asked whether the effects obtained in my de¬ 
monstration were secured by the use of colored screens. They 
were. He also suggested the use of the different artificial il- 
luminants, each for its own color value. This has been done 
in the case of the Soldiers’ Memorial in Pittsburgh, where 
incandescent lamps were used for their color value, the Moore 
tube for its color value, and the mercury-vapor lamp for its color 
value, and the color values of the different illuminants play a 
very large part in the general color scheme of the design. 
The green light from the mercury-vapor lamp, slightly modified 
by a particular form of opal glass, produces a moonlight effect, 
which has become a part of the color scheme in the ceiling. 
So with the light from the Moore tubes. The flame arcs serve 
to produce sparkling centers of an orange hue. The efficiency, 
of course, is low, because the lamps are not used to give light 
on the floor, but simply to give an effect of a jewel-studded 
ceiling. 

In regard to the color of daylight, I performed some simple 
experiments a short time ago for the benefit of an architect, with 
reference to the problem of the color in which rooms should be 
painted. The average architect, like the' average decorator, 
still believes that red, yellow and blue are the primary colors, 
and also that a north room should be painted yellow and a 
south room should be painted blue. 

The experiments were carried on in a building in which there 
is a long corridor, on the south side of which is a series of offices 
with windows opening to the south. On the north side of the 
corridor is a series of offices with windows opening to the north. 
That light from the north sky is decidedly blue, and the light 
from the south sky decidedly yellow, was shown by giving the 
architect a little piece of cardboard, which he held before his 
eyes, so as to cover the window. The moment he covered the 
window with the piece of cardboard, that is the moment he 
covered his eye with the cardboard so that he could not see the 
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window, he was asked to state the color of the unpainted plaster 
walls. In the north room he said blue. In the south room 
he said they were light buff. Therefore, the proposition was 
put to him that the north room should be painted blue, in order 
that the blue light should be reflected from a blue surface. If 
it was painted buff, it would absorb and not reflect blue 
light. The south room should be painted buff, because the buff 
walls would reflect the yellow light better than if the walls 
were painted blue, which would, absorb the yellow light. 

The result of this and other experiments was that the north 
rooms were painted a light blue and the south rooms were 
painted a light buff, and then came the question of artificial 
light. We were going to use tungsten lamps with reflectors, but 
we did not want to make the north rooms blue at night, and we 
had to mix with the blue a little green which would respond 
to the tungsten light at night. The yellow walls in the south 
rooms did respond to the artificial light without any modifica- 
tion. 

These experiments give a practical example of how far the 
question of illuminating engineering can be carried. In fact, by 
such methods the best balance of color values for wall decora¬ 
tions call be determined in many interiors with a resulting 
heightening of the effects. Thus it is possible to determine for 
a given southern interior that the general color tone should be, 
say a buff corresponding nearly to number x in any given scale 
of pigment hues, and that on top of that color another color 
must be applied, say about 50 per cent of the wall area, must 
. be painted quite red laid on in any design the architect may 
desire. A room painted that way, with consideration of the 
daylight sources, will give a very much more heightened effect 
and will incidentally prove more efficient from the standpoint 
of illumination than if a decorator painted it as he saw fit. 
Now, while this is true, tell it to almost any architect and see 
what he will say. 

Mr. Millar said he thought it would have been interesting 
if the numerical results of the experiments had been given. The 
trouble with these experiments is that they have to be taken 
with a very large grain of salt; that is, it is impossible to 
conduct such a study, and apply the results promiscuously. 



A report presented at the 29th Annual Con¬ 
vention of the American Institute of Electrical 
Engineers, Boston, Mass., June 27, 1912. 


Copyright, 1912. By A.I.E.E. 


INDUSTRIAL EDUCATION 


Preliminary Report by the Educational Committee 


I. INTRODUCTION 

The Institute Committee on Education was reorganized last 
November as it was impossible for the original chairman to 
serve. At the meeting held at that time, it was decided to 
study the status of vocational education, that subject being at 
the present moment of paramount interest to the industrial 
interests of the country. The time available has been so short 
that it is impossible to present more than a preliminary report 
of progress, but this may possibly be of sufficient interest 
and value to warrant future committees of the Institute in con¬ 
tinuing the work. 

In laying out the plan of procedure of the Committee, no 
specific effort was made strictly to confine the study to educa¬ 
tional conditions as applied to the electrical industries. This 
attitude was taken because it was believed that the proper 
establishment of vocational education for all children who cannot 
advance beyond the rank of hand workers is essential to the 
highest success of the country as a whole in its industrial and 
commercial functions, and, as a result, to the success of the elec¬ 
trical, or any other particular branch of the industries. 

It is believed by the committee, since the Institute contains 
a large and intelligent membership widely distributed over the 
entire United States, that much good may be accomplished by 
gathering data together in the Transactions for ready refer¬ 
ence which will aid the individual members to effectively influ¬ 
ence the development of this most valuable kind of education 
in their respective commonwealths and communities. 

Probably there is no more important problem to be solved by 
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the industrial communities of this country today than the proper 
preparation of the new generation for efficient, skilful, intelli¬ 
gent, and loyal labor. It is now quite generally known that we 
have fallen behind Germany, Austria, France, and some other 
European nations in this regard. To a certain extent, this is 
indicated by the fact that many of our exports carry from 
three to fifteen per cent of labor cost, while a large part of the 
exports of the countries named carry from forty to eighty per 
cent of such cost. Indeed, we have occasionally exported 
large quantities of comparatively crude and unmanufactured 
products to Europe to have them improved and refined to many 
times their original export value and then have brought them 
back to this country for our consumption. These conditions 
must exist to some extent always, but the balance against us 
is so excessive that it behooves us to take it into consideration. 

In regard to the effect of applied education, Mr. H. E. Miles, 
chairman of the National Manufacturers Association’s Edu¬ 
cational Committee, makes this statement in a recent report: 
“ By industrial education it now devolves upon us in very im¬ 
portant respects to shape the lives of the children of today and 
thereby to make the men and women of tomorrow. Each year 
2,500,000 children graduate from or leave our elementary schools 
proud and confident in having accomplished the first great task 
of their lives in successfully finishing the eight years’ course 
with credit. But this same vast army of 2,500,000 little ones, 
most of them only 14 years of age, leave the schools soon to be 
discouraged, to prove unsuccessful, aimless; most of them have 
gotten no further than the sixth grade, having learned little 
else than the three R’s, not educated in any sense, but only 
possessed of the rudiments whereby real education may be 
acquired. They then, in a way, learn in school only how to 
fail. These are the children who come into the industries, and 
deserve or require industrial or trade education.” 

This injurious condition, as set forth by Mr. Miles, is to be 
found to a more or less serious extent in almost every manufac¬ 
turing community in the United States and also to some de¬ 
gree in the rural communities. The difficulty has been largely 
relieved in Germany by the development of her magnificent 
system of trade and “ continuation schools.” In this system, 
after a boy has reached the age of fourteen, he has the oppor¬ 
tunity to continue in schools which are particularly adapted by 
the character of their teaching and organization to aid him in 
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making himself a skilful and intelligent workman. A compul¬ 
sory attendance law makes it necessary for most of the boys, 
whether working or otherwise, to attend these continuation 
schools at least one-half a day each week until sixteen years of age. 
The expense of the schools is little greater than that required 
for maintaining the ordinary types of public school curricula 
with which we are familiar in this country. Though trades are 
taught—as many as two score in one of the cities of Germany— 
the cost of equipments required is comparatively small; only 
sufficient apparatus is used to teach the fundamental movements 
of the processes called for by a particular trade. Because of the 
large number of pupils who are employed in labor and attend for 
part time only, these foreign schools cost per pupil, per }^ear, a 
small fraction of the amount expended per pupil in our best full 
time trade and industrial schools. 

It is considered by well qualified industrialists who have 
studied the question, that many classes of workmen of con¬ 
tinental Europe are more skilful and accurate than, similar 
classes of American workmen, even after due allowance is made 
for the American’s native resourcefulness, energy, and ability. 
Therefore, if the truth of this statement is conceded, active 
means should evidently be adopted for the development of ed¬ 
ucational methods which will cause our manual workers of the fu¬ 
ture to reach a higher stage of efficiency. This is particularly 
so since our country must, perforce—as its population grows 
and natural resources relatively decrease—in order to maintain 
its prosperity, wealth, and the happiness of its people, put forth 
increasingly greater efforts to maintain its share of the world’s 
trade. 

With the exception of a comparatively few successful experi¬ 
ments with continuation and free vocational schools such as are to 
be seen here and there scattered over the country, as yet compara¬ 
tively little has been either attempted or accomplished in the 
United States in the form of publicly supported training of the 
character demanded; and a beginning only has been made in the 
establishment of industrial schools supported by private benevo¬ 
lence,or by industrial corporations for preparing workers for the 
ranks of their own employees. The number of pupils enrolled in 
such schools, the number of teachers employed, and the buildings 
and equipments in use are small compared with those in some 
of the European nations. Statisticians estimate that only from 
ten to twenty per cent of the children of this country of the age. 
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of sixteen, whom necessity drives from school to work, are so 
situated that they can learn a trade. The remainder work at 
casual employment or in such places as fail to develop their full 
usefulness to their communities. This condition of inefficiency 
is apt to remain with them throughout life to their detriment, 
and to a considerable degree the character of our export trade 
undoubtedly is influenced thereby. 

It seems probable that this country could, without heavy 
burden beyond that incurred in maintaining the present more 
or less inflexible public school system, so modify the pedagogical 
methods in use as to make it possible for the great majority of 
sound children to take positions in the world of labor where they 
could be classed as skilled. Such training of the mass of the 
people should lead to increased sense of responsibility, good 
spirit, orderliness, and efficiency and should go far toward re¬ 
moving much of the unrest and dissatisfaction rapidly becoming 
prevalent. 

On account of the limited time at the committee’s disposal, 
it was decided to study certain schools in the New England and 
Middle States—-the thought being that if the work is continued 
by future committees, a further study can be made of the con¬ 
ditions in other parts of the country. Even in the districts 
chosen it was found wise to confine attention to but a few of the 
most typical schools and to neglect many institutions of great 
merit. The work of gathering data was divided among the mem¬ 
bership of the committee somewhat as follows: Professor H. H. 
Norris of Cornell University undertook the burden of reporting 
upon certain schools to be found in New England and New York; 
adding thereto, with some assistance from the Chairman, des¬ 
criptions of various schools maintained by the railroad systems 
of the country. Professor Samuel Sheldon of the Brooklyn Poly¬ 
technic Institute was assigned certain typical schools in New 
York City. 

Insomuch as vocational education, to serve the entire pop¬ 
ulation of the country, eventually must be supported largely 
from the public purse, and insomuch as many of the common¬ 
wealths of the Union are now endeavoring to inaugurate such 
work by the enactment of special legislation relating to the subject, 
a special section of the committee's report is devoted to a study 
of the laws already in existence. Dr. W. I. Slichter of Columbia 
University was assigned the duty of making an investigation of 
this subject and preparing a brief report thereupon. 
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It is hoped that the short descriptions of the few schools that 
are named hereafter and, also, the brief discussion of laws which 
seem to be suitable for the establishment of effective vocational 
educational systems may be of service to members of the Insti¬ 
tute, who have not already given the subject special study, in aid¬ 
ing them to direct the development of this important phase of 
education in their own commonwealths. The committee, of 
course, does not pretend that its findings are complete, but the 
data given may prove useful by indicating the direction in 
which the development is tending. 

Before' proceeding with the more detailed discussion, it seems 
well to point out here certain salient classifications and facts 
concerning industrial schools. They may be divided properly 
into three general classes, namely: 

1. Those maintained at public expense and open to all children 
of their respective districts. 

2. Those maintained through private benevolences and also 
open largely to children of their districts. 

3. Those maintained by corporations for preparing skilled 
employees for their own purposes. 

These schools, without including those that are giving instruc¬ 
tion in drawing, manual arts, etc., for purposes of general 
training rather than for direct vocational preparation, are fre¬ 
quently divided into two types, namely: 

a. Full time schools. 

b. Continuation schools. 

In the former, the youth attends the school continuously until 
he has been prepared so far as possible, both mentally and manu¬ 
ally, for the particular trade or vocation which he proposes to 
enter. The continuation schools are those to which pupils, 
already at work, give only part time—such as evenings, or a 
day or part of a day each week. The third general division 
named above consists of continuation schools, while the first 
and second divisions include both types, or a combination of the 
two. 

It may be safely stated that the continuation school in 
which the pupil, already regularly employed, gives a part 
of the working hours each week to school work, shows dis¬ 
tinct and positive signs of being best suited to the conditions 
facing the great majority of young men. 

These schools, whether maintained at public expense or by 
industrial corporations, should aim to develop the mental judg- 
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„. d physical skill required for promoting the industries 

-‘•'^V^oe alities in which they are situated. This means very 
’ ^"correlation between the school work and the shop work in 
;V! vouth is engaged, and as a result demands efficient co- 
V-wrion between the school and shop staffs. 

Crtrtinuation schools need not be materially more expensive 
"the common schools, as the practical applied part of the 
^ainin^ can be obtained to a large extent during the portion 
:-~.f trine the pupils are at work. 

* Experience with laws relating to the organization of industrial 
schools (continuation and full time), carried on at public expense, 
*eems to indicate that certain more or less well defined conditions 
ci organization are desirable. Some of these, which appear to 
be or esoeeia! importance, are presented below for consideration: 

1. Young men who leave the common schools at fourteen years 
of a^e should be required ordinarily to spend at least two years 
thereafter in either a continuation or full time vocational school. 
Those leaving at fifteen should give at least one year to work 
of the same kind. 

2. Opportunity should be given all residents of the community 
over sixteen years of age to enroll in the continuation school 
upon the payment of a small tuition fee, especially those persons 
between the ages, of sixteen and twenty-five. 

3. Each commonwealth should have a commission composed 
of representatives of the industries, with power to direct its 
industrial school work, under the condition that its actions are 
subject to the approval of the regular state board of education. 

4. Local communities should have commissions selected from 
the personnel of the local industries, with power to direct the work 
of the local industrial schools, but subject in their actions to the 
approval of the local school boards. 

5. The commissions named' above need not interfere with the 
regular public school organization of the state, but should be 
correlated therewith. 

6. In order to encourage the establishment of vocational 
schools, and to give a proper central authority over the school 
officials of local communities, the state should give material finan¬ 
cial aid to those institutions which comply with its regulations 
and are approved by its'commission on industrial education. 

Lack of state and local boards, whose membership is selected 
from the officials and ranks of the industries, having sufficient 
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power to enforce the adoption of their methods, must result, as a 
rule, in industrial schools failing to give the full possible measure of 
usefulness. The modern school teacher usually knows his par¬ 
ticular business; but this does not include, in general, the direct 
preparation of his pupils for industrial pursuits, nor can he have 
the opportunity to learn the requirements essential to giving 
such preparation except through close contact with, and the 
active cooperation of, the industrialists who are to absorb his 
pupils into their ranks of labor. 

The term vocational education is used in this report to cover 
any kind of education that leads to a vocation; industrial ed¬ 
ucation is included in this and refers to the bulk of the manual 
vocations other than agriculture and the domestic arts (see 
hereafter). 


II. PROVISION BY LAW FOR VOCATIONAL TRAINING 
IN THE UNITED STATES 


A survey of the educational enactments of the various states 
shows that 24 states have active provisions for vocational training, 
six have permissive provisions and fifteen have no provision at 
all. In twenty of the states vocational schools are in practical 
operation. 

Massachusetts, Wisconsin, New York and Maine seem to have 
given the subject the most careful consideration and special 
commissions to study the subject have rendered elaborate reports 
on the subject. The State of Massachusetts seems to be not 
only the pioneer but the leader in this branch of education and 
while other states may have studied the subject and made pro¬ 
visions for the training yet Massachusetts is the only state in 
which elaborate provisions are in extensive operation. As the term 
vocational training is used in a very broad sense and includes 
any training intended to prepare the scholar to become economic¬ 
ally productive, it is desirable to distinguish between the various 
forms of training to be discussed. The amended acts of the 
State of Massachusetts carefully define the various forms of 
education as follows: 

1. “ Vocational education ” shall mean any education the 
controlling purpose of which is to fit for profitable employment. 

2. “ Industrial education ’' shall mean that form of vocational 
education which fits for the trades, crafts, and manufacturing 
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pursuits, including the occupations of girls and women carried 
on in workshops. 

3. “ Agricultural education ” shall mean that form of voca¬ 
tional education which fits for the occupations connected with 
the tillage of the soil, the care of domestic animals, forestry and 
other wage-earning or productive work on the farm. 

4. “ Household arts education ” shall mean that form of 
vocational education which fits for occupations connected with 
the household. 

5. “ Independent industrial, agricultural, or household arts 
school ” shall mean an organization of courses, pupils and 
teachers, under a distinctive management, approved by the board 
of education, designed to give either industrial, agricultural or 
household arts education as herein defined. 

6. “ Evening class ” in an industrial, agricultural, or house¬ 
hold arts school shall mean a class giving such training as can be 
taken by persons employed during the working day, and which, 
in order to be called vocational, must in its instruction deal 
with the subject-matter of the day employment, and be so carried 
on as to relate to the day employment. 

7. “ Part-time, or continuation, class ” in an industrial, ag¬ 
ricultural, or household arts school shall mean a vocational class 
for persons giving a part of their working time to profitable 
employment, and receiving in the part-time school, instruction 
complementary to the practical work carried on in such employ¬ 
ment. To give “ a part of their working time ” such persons 
must give a part of each day, week, or longer period to such part- 
time class during the period in which it is in session. 

8. Independent agricultural school ” shall mean either an 
organization of courses, pupils and teachers, under a distinctive 
management, designed to give agricultural education, as here¬ 
inafter provided for, or a separate agricultural department, 
offering in a high school, as elective work, training in the 
principles and practise of agriculture to an extent and of a 
character approved by the board of education as vocational. 

9. “ Independent household arts school ” shall mean a voca¬ 
tional school designed to develop on a vocational basis the capac¬ 
ity for household work such as cooking, household service, and 
other occupations in the household. 

Practically all states offer vocational education in the state 
normal and training schools for teachers, and work of a collegiate 
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grade in the state land grant colleges established under the 
Morrill act. In a majority of the states there is permissive 
legislation relative to the introduction of manual training, in¬ 
cluding drawing, in the elementary schools. In many states 
instruction in these branches is required in all towns having above 
a certain specified population. In twenty-four states legal 
provision has already been made for the encouragement or 
support of industrial education beyond the general provision 
for the manual training in elementary schools. The following 
gives an outline, according to such information as was obtain¬ 
able, of the provisions in those states having such provisions: 

Alabama—Provides for the establishment and maintenance of a 
branch agricultural experiment station in each congressional district. 
The annual appropriation for each school is $4500. 

Arkansas—Has four state public schools of agriculture, appropria¬ 
ting annually $160,000 for their support. 

California—Permits but does not provide for. 

Connecticut—Aids in the support of two schools giving instruction 
in the principles and practise of trades. Total amount is $50,000 
for both schools. 

Georgia—Aids district agricultural high schools to the limit each 

of $2000. 

Illinois—No special provision, local option. 

Indiana—Authorizes industrial and manual training in cities of 
more than 100,000 and confers power to raise money by taxes. 

Iowa—Has no law but aid is given for manual training. 

Kansas—Authorizes local boards to levy tax of one half mill for 
the equipment of industrial training schools or departments. State 
aids such schools to the limit of $250 annually. 

Kentucky—Does not provide but the cities do. 

Maine—Provides for and aids to the extent of two-thirds the sal¬ 
aries of the instructors, subject to the approval of state superinten¬ 
dent. Has a commission which has made valuable recommendations. 

Maryland-—Gives state aid to county manual training schools or 
departments, limit $1500 each. Also aids high schools having com¬ 
mercial courses. 

Massachusetts—Has a deputy commissioner of education whose 
duty it is to encourage and supervise forms of vocational education 
supported by the state.- Grants permission to towns and cities to 
provide independent vocational schools and to provide evening and 
part time courses for persons already employed. Permits two or 
more cities to join for the purpose of maintaining vocational courses 
or schools; aids to the extent of one-half the net expense of such 
schools, provided the school has been approved by the state author¬ 
ities. 
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Michigan—Authorizes and aids county schools of agriculture and 
domestic economy to the extent of § of the cost if approved by state 
authorities. 

Minnesota—Gives state aid to departments of agriculture, manual 
training, and domestic science in state high, graded, and consolidated 
schools if approved by state board. Maximum limit of $2500 to 
any school. 

Nebraska—Does not provide but the cities do. 

New Jersey—Contributes half the cost of maintainance and author¬ 
izes the locality to levy a tax for the remainder; maximum limit 
of aid is $10,000. 

.New York—Authorizes local board to establish such schools and 
gives aid to the extent of $500. Has a state director of trade schools. 

North Dakota—Authorizes and aids such schools. 

Ohio—Provides for manual training but the cities do most. 

Oregon—Provides for courses in any high school under supervision 
of state board. 

Pennsylvania—Requires that manual training courses shall be 
provided and aids, by direct appropriation, established vocational 
schools. Has three ■ deputy state superintendents of education in 
charge of work. 

Texas—Gives aid to the extent of half the cost of maintaining 
courses in agriculture, domestic economy, and manual training sub¬ 
ject to the approval of state board. Maximum limit $500. Aid 
is not permanent. 

Utah—Permits vocational courses to be prescribed in existing 
schools. 

Vermont—Aids schools with approved manual training courses 
to the extent of $250 per year. 

Virginia—Provides by law and has ten schools in operation. 

Wisconsin—Has a State Board of Industrial Education and a 
Commission to encourage Industrial Education; aids county schools 
having industrial courses which are approved by state. 

Thus in the majority of cases, heretofore, the vocational train¬ 
ing has been almost altogether in the form of agriculture or 
home-making and with manual training as an addition or inci¬ 
dental to existing courses in high and secondary schools. The 
problem, therefore, of true industrial education is comparatively 
new and has been met in only a few states such as Massachusetts, 
Pennsylvania, Maine, New York, Indiana, and Wisconsin. In 
order to study the subject and learn the best methods of ac¬ 
complishing the desired object we need therefore only consult 
the records of the results in these States. 

An especially appointed commission in Maine has made a 
very careful study of the subject and placed the results of its 
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conclusions in a valuable report. This report is dated 1910. 
Ihe lecords do not show that the conclusions of this commission 
have been carried out to the extent of perfecting an operating 
system. 

While there are a great many institutions of vocational training 
in New Y ork State they appear to be not as fully correlated as 
those in Massachusetts and Wisconsin and the initiative ap¬ 
pears to be in the cities and localities themselves. The state 
board is ready and prepared to give advice but does not have 
the control that is provided for in Massachusetts and Wiscon¬ 
sin. 

In the opinion of this committee the feature of the Massa¬ 
chusetts and Wisconsin laws which causes them to excel is 
the provision that a vocational school, to receive state aid, 
must receive the state s approval of many of its important 
features, such as courses, teachers, buildings, methods, time, 
and accounts. This clause is used as an inducement to en¬ 
courage the local boards to consult with the proper rep¬ 
resentative of the state board from the beginning of the 
organization of the school, rather than to await the exact 
period when money is requested of the state.' The state board 
includes an assistant superintendent who has made a special 
study of the subject of vocational training, and, members of 
the boaid, private citizens representing the points of view of 
employers and employees. The new Pennsylvania laws bearing 
upon this subject are also much similar in effect. 

To crystallize and collect the best ideas on the subject of 
legislation and provisions for vocational training it is deemed 
sufficient to pick out the best points of the methods of Massa¬ 
chusetts and Wisconsin as representative of good practise. 

Outline of a Scheme for Industrial Education Based 
Largely on the Laws of Massachusetts and Wisconsin 
Either- a state board of industrial education containing rep¬ 
resentatives of both employers and employees and independent 
of the usual state board should be appointed, or an advisory 
board of similar character should work with the regular board 
of education. 

The state superintendent of education or, in case the duties are 
sufficient to warrant the appointment, an assistant for industrial 
education should be authorized to approve, with the board, 
the courses of study and to certify that the work of the various 
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schools is satisfactory. The industrial assistant should be au¬ 
thorized to attend industrial conventions and make investigations 
outside the state as well as within. 

The board of education should have control over all state 
aid given, and aid should only be extended to those schools 
that have received the approval of the board and superin¬ 
tendent or assistant. . The industrial board of education 
should be authorized to investigate and aid in the introduc¬ 
tion of vocational education and to initiate and superintend 
the establishment and maintenance of the schools. Three 
classes of independent schools should be recognized, such 
as industrial, agricultural, and household arts, and each 
of these schools should have day instruction, part-time, and 
evening classes. Attendance upon such day or part-time clas¬ 
ses should be restricted to those between fourteen and twenty- 
five years of age and should be compulsory for those between 
fourteen and sixteen. Attendance at evening classes should be 
restricted to those over seventeen. The local board of education 
should be authorized to establish and maintain independent 
vocational schools; and in the establishment of such schools 
should call in the advice of the state superintendent and after 
adopting a plan of organization and administration submit this 
plan for approval to the state board. It is desirable that local 
and district boards of trustees appoint an advisory committee 
composed of members representing local trades, industries, and 
occupations. The state should reimburse the local district to 
the extent of one-half the net expenses of the school, provided 
the form of organization, control, location, equipment, courses 
of study, qualification of teachers, methods of instruction, con¬ 
ditions of admission, employment of pupils, and expenditures of 
money are in accordance with the approved methods of the 
state board. 

The community should provide the buildings and equipment 
and sufficient money for the operation of the schools and after 
a year s operation the state should reimburse the community 
the^ amount stipulated. In order that this amount may be 
easily determined uniform methods of accounting in the schools 
should be required. 

Each locality should endeavor to make its courses meet its 
local needs and, if possible, should endeavor to secure coopera¬ 
tion between the schools and the local industries so that the 
school shall prepare the students to be successful in those in- 
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LOCAL ADMINISTRATION AND CONTROL 

Section 4. Any city or town may, through its school com¬ 
mittee or through a board of trustees elected by the city or 
town to serve for a period of not more than five years and to be 
known as the local board of trustees for vocational education, 
establish and maintain independent industrial, agricultural, and 
household arts schools. 

Section 5. 1. Districts composed of cities or towns, or of cities 

and towns, may, through a board of trustees to be known as 
the district board of trustees for vocational education, establish 
and maintain independent industrial, agricultural, or household 
arts schools. Such district board of trustees may consist of the 
chairman and two other members of the school committee of 
each of such cities and towns, to be appointed for the purpose 
by each of the respective school committees thereof; or any such 
city or town may elect three residents thereof to serve as its 
representatives on such district board of trustees. 

2. Such a district board of trustees for vocational education 
may adopt for a period of one year or more a plan of organization, 
administration and support for the said schools, and the plan, if 
approved by the board of education, shall constitute a binding 
contract between the cities or towns which are, through the action 
of their respective representatives on the district board of 
trustees, made parties thereto, and shall not be altered or an¬ 
nulled except by vote of two thirds of the board, and the con¬ 
sent of the state board of education to such alteration or an¬ 
nulment. 

Section 6 . Local and district boards of trustees for vocational 
education, administering approved industrial, agricultural, or 
household arts schools, shall, under a scheme to be approved by 
the board of education, appoint an advisory committee composed 
of members representing local trades, industries, and occupations, 
ft shall be the duty of the advisory committee to counsel with 
and advise the local or district board of trustees and other 
school officials having the management and supervision of such 
schools. 




Section b. Independent industrial, agricultural, and house¬ 
hold arts schools shall, so long as they are approved by the board 
ot education as to organization, control, location, equipment, 
courses ot study, qualifications of teachers, methods of instruction’ 
conditions of admission, employment of pupils, and expenditures 
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of money, constitute approved local or district independent 
vocational schools. Cities and towns maintaining such approved 
local or district independent vocational schools shall receive 
reimbursement as provided in sections nine and ten of this 
act. 

Section 9. 1. The commonwealth, in order to aid in the main¬ 

tenance of approved local or district independent industrial and 
household arts schools, and of independent agricultural schools 
consisting of other than agricultural departments in high schools, 
shall, as provided in this act, pay annually from the treasury 
to cities and towns maintaining such schools an amount equal 
to one half the sum to be known as the net maintenance sum. 
Such net maintenance sum shall consist of the total sum raised by 
local taxation and expended for the maintenance of such a school, 
less the amount, for the same period, of tuition claims, paid or 
unpaid, and receipts from the work of pupils or the sale of pro¬ 
ducts. 

2. Cities and towns maintaining approved local or district 
independent agricultural schools consisting only of. agricultural 
departments in high schools shall be reimbursed by the common¬ 
wealth, as provided in this act, only to the extent of two thirds 
of the salary paid to the instructors in such agricultural depart¬ 
ments: provided, that the total amount of money expended by 
the commonwealth in the reimbursement of such cities and towns 
for the salaries of such instructors for any given year shall not 
exceed ten thousand dollars. 

3. Cities and towns that have paid claims for tuition in ap¬ 
proved local or district independent vocational schools shall be 
reimbursed by the commonwealth, as provided in this act, to the 
extent of one half the sums expended by such cities and towns 
in payment of such claims. 

Section 10. On or before the first Wednesday of January of 
each year the board of education shall present to the general 
court a statement of the amount expended previous to the pre¬ 
ceding first day of December by cities and towns in the main¬ 
tenance of approved local or district independent vocational 
schools, or in payment of claims for tuition in such schools, for 
which such cities and towns should receive reimbursement, as 
provided in this act. On the basis of such a statement the 
general court may make an appropriation for the reimbursement 
of such cities and towns up to such first day of December. 
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r DESCRIPTION OF A FEW TYPICAL VOCATIONAL 

. and industrial schools 


: v . schools hereafter described were selected for the dual 
*. ? h at thev illustrate types and because information con- 
them was readily available to the committee. There 
ire 'numbers of other schools which would have served the pur- 
• cse equally well and which are fully as efficient. 

A. Certain Schools in New York City 
Pratt Institute. This Brooklyn private school, founded by 
Charles M. Pratt in 1887 and now under the control of his six 
<.-. r . Si is adequately endowed and gives day and evening instruc¬ 
tion to over four thousand students. There are at present. five 
divisions of instruction. Among these is the ‘ ‘ School of Science and 
Technology” which offers thorough practical courses planned 
to meet the needs of four different classes of students: 

" First. Day Industrial Courses in Mechanics, Electricity, 
and Chemistry, for young men who cannot afford the time and 
expense required for four-year college or engineering courses, 
but who are nevertheless ambitious to fill positions above the 
grade of skilled mechanics in manufacturing and industrial 
plants. 

“ Second. Day Trade Courses in Machine Work, Carpentry 
and Building, and Tanning, for those who wish practical and 
theoretical instruction in these trades. 

“ Third. Evening Technical Courses for those employed 
during the day in mechanical, electrical, and chemical industries 
and related occupations. 

“ Fourth. Evening Trade Courses for apprentices and 
journeymen. 

The courses offered are as follows: 

Day Industrial Courses 

Steam and Machine Design A two-year course 

Applied Electricity A two-year course 

Applied Chemistry A two-year course 

Applied Leather Chemistry A one-year course 

Day Trade Courses 

Machine Construction A one^ear course 

Carpentry and Building A one-year course 

Tanning A one-year course 
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Evening Technical Courses 
Technical Chemistry 
General Chemistry 
Qualitative Analysis 
Quantitative Analysis 
Organic Chemistry 
Mechanical Drawing and 
Machine Design 
Mechanical Drawing 
Machine Design 
Mechanism 
Evening Trade Classes 
Machine-Work 
Tool-Making 
Carpentry and Building 
Pattern-Making 


Industrial Electricity 

Electricity and Mechanics 
Electrical Machinery 
Electrical Design 

Practical Electricity 
Practical Mathematics 
Steam and the Steam Engine 
Strength of Materials 


Sheet-Metal Work 
Plumbing 

Advanced Wood-Working for 
Teachers ” 


Requirements for admission to these courses are based largely 
upon the personality of the applicant rather than upon his prior 
scholastic achievements. A moderate honorarium is charged 
for each course. 

The purpose of the school is to reach and help all classes of 
practical workers, both artists and artisans, and to give every 
student practical skill along some line of work. As a rule the in¬ 
struction is intended to be more theoretical and less practical 
than that usually given in trade schools, whereas it is more 
practical and less theoretical than that usually given in engi¬ 
neering schools and colleges. This type of instruction is a 
unique feature of the Institute’s work and its conception was 
inspired by the personal experiences of its founder, who was a 
self-made man of unusual breadth and power, and who started 
life as a machinist. In this connection there appear the following 
statements in a report by Samuel S. Edmands from the Depart¬ 
ment of Science and Technology: 

“ The trained workers in the electrical and mechanical fields 
are, in a general way, divided into three different classes, the 
first and highest comprising the comparatively few men of 
superior ability and attainments who originate and direct opera¬ 
tions requiring the services of many. In this class we find the 
engineering experts, designing and consulting engineers, and 
many others who bear the prime responsibility for the successful 
operation of industrial and engineering enterprises. The third 
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and last class is composed of the skilled laborers and trained 
mechanics. Between the highest and lowest class there is a 
constantly widening field, the workers in which constitute the 
second class and occupy positions secondary and subordinate 
to the members of the first class, but nevertheless of great im¬ 
portance. They are the assistants to the engineers, the super¬ 
visors of skilled labor, or the specialists performing operations 
requiring a degree of knowledge and training in excess of that 
possessed by those in the third class. The commercial demand 
for technically trained workers of this second or intermediate 
grade is keen, and it is to afford a means for them to obtain the 
training that they need that the two-year technical courses in 
the Institute are primarily intended.” 

During 1910 the National Association of Tanners, desiring 
to affiliate with some educational institution in the formation 
of a tanning school, found that the Pratt Institute was pre¬ 
pared to train young men for its employ in the manner desired. 

The formal report of the Tanning School Committee of this 
association contains an outline of the equipment and courses of 
instruction proposed by Pratt Institute. Its study is recom¬ 
mended to those interested in the formation of effective indus¬ 
trial curricula. 

Public Schools. There are three public high schools in New 
York City which offer opportunities for instruction in vocational 
subjects, Stuyvesant, at 245 E. 15th St., Manhattan, for boys and 
men, Manual Training, on 7th Ave., Brooklyn, for boys and girls, 
and Bryant, on Wilbur Ave., Long Island City, for boys and girls. 
The courses of study, which are directed towards the technical 
industries, are similar to the ordinary high school courses, ex¬ 
cept that biology and history are omitted and manual training 
is given throughout four years. 

Applied Mechanics, Steam, and Electricity forms a special 
course at Stuyvesant which is given to fourth-year students and is 
open only to students of exceptional ability. It is designed to pre¬ 
pare its graduates for giving efficient service immediately after 
leaving the school. The physical equipment of all these schools is 
adequate for the purpose and the laboratories are better equipped 
with apparatus than many engineering colleges, as will be evi¬ 
dent after an inspection of the accompanying illustrations of the 
engine room at Stuyvesant. Though such extensive facilities 
as shown in the illustration are desirable it should be distinctly 
understood that much excellent and practical industrial instruc- 
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tio „ can be «iyen with simple and quite inexpensive equipments. 

Xo community, therefore, need be deterred from entering upon 
ibis kind of educational work because of the burden of the pn- 

maw olant cost. . 

The dav instruction at this school is duplicated m the evening 

with* some modifications, attending students being of the same 
o-eneral class as the day students but being commonly from 8 to 1 
Years older. The evening instruction has for its motive increased 
earning capacity of the student. Besides preparing some even¬ 
ing students for entrance to college, others are fitted for positions 
iivthe trades. The effectiveness and characteristics of this work 
may be judged from the data contained in the foregoing table, 
which is based upon information supplied by the students and 
which refers to the academic year 1910-11. 


B. A Few Schools Situated in the Middle and New 
England States. 

The Privately Endowed Industrial School. As an example 
of the recent development in privately endowed trade schools, 
Wentworth Institute, of Boston, Mass., may be considered as 
representative of modern ideas. The Institute is designed to 
be a high-grade trade school, that is, one which places a ra¬ 
tional scientific foundation under the direct preparation for 
mechanical trades and industry. The Director states that the 
aim is to develop artisans and skilled mechanics, and also to 
train men who wish to become inspectors, shop foremen, master 
mechanics, and superintendents in industry. 

As a school of this kind attracts young men of all kinds of 
preparation, the courses have to be adapted to various needs. 
There are, therefore, short one-year day courses for beginners and 
others with little practical experience, two-year day courses 
for those with some experience who wish to train themselves for 
positions of foremanship grade, and also evening courses where 
men employed in mechanical occupations during the day may 
either increase their skill and practical knowledge of their trade 
or study such supplementary subjects as will help them to ad¬ 
vance to more responsible positions. While the school has been in 
operation but a few months, those in charge of it have had long 
experience in somewhat similar schools, so that the plans and 
methods of instruction may be considered in no way experi¬ 
mental. The following facts dealing with the organization of the 
school and the results thus far accomplished will, therefore, be 
of interest. 
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Trades 1 'aught. After a study nf the* probable demand for 
instruction I hr faculty of the Institute selected the following 
trades fnr the day tninsc:;. in t he building trades carpentry, 
plumbing, and electric wiring; in the rnanufartunnp trades--- 
tnaehine work, foundry practise, and pattern-making; also, 
electrical construction for those who wish in Ik*c< cm* foremen in 
elect rieal industries, and machine const met ion for those* who 
wish to become foremen in mechanical, industries. While in the 
ease of foundry practise, especially, preut doubt was felt as 
to whether American boy;-, could be made to set* its scope* 
the possibilities of future development in the industry made 
this trade of importance. The class in foundry practise has 
proved one of t he mmsf successful of the day courses. 

For hoys employed duriny the day, evening classes are pro¬ 
vided. For l )m *se who wish to perfect t hem selves in mechan¬ 
ical skill and practical knowledge of fheir trade, courses are 
offered in carpentry, paUrrn-makinm machine work, ioobmak- 
hip, foundry practise, electric wirim*, stud phnuhinp; and for 
those who wish to supplement, their knowledge and prepare them- 
selves for more responsible positions, t here an.* courses in practical 
mathematics, mechanical drawings machine design, praetiea! 
meehanies, strenpih and properties of materials, the steam engine 
are! the operation of power plain , applied electricity, and elec¬ 
trical machinery. 

.SV/r'/ 1 tan at" Students, Although the huildmps and equipment 
of the In; tihite were ha nil v completed in September, 1911, more 
than three time - as many applicants as could bt* areotumodated 
appeared, in selecting from this laryp* mimlor, personal inter¬ 
view and, oral questioning were the only practicable means. All 
academic standpoints of .vholurship and skilled attainments 
were discarded and the attempt was made to measure the appli¬ 
cant's forceful nessseriousness of purpose* and adaptability to 
lhe trade* selected, In this wav an earnest body of students 
was fucked out. 

Set et turn of leather*, t'H the IS men who constitute 1 he 
day school faculty, eiphl have charpe of shop instruction. 
Six of the eiphf have •■■perial quuhf'iraf inte; for this work, having 
occupied responsible industrial positions. The other teachers 
are school and college trained and they have had wide experi¬ 
ence in induwrial work. A the nicnve of an iustiltUion like 
t hi: depend' laris.‘1 y on i he teacher.:'; every effort has been made 
to yet those properly equipped for this work. 
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Typical Curriculum. Following is a typical curriculum which 
shows clearly the scope of the work of this institution: 

A typical curriculum for a one-year course is as follows: 


Hours per week 

Fall Winter Spring 

term term term 


Shop practise in machine-tool work, 
machine construction, bench work and 
tool-making, principles and practise of 
forging, tempering steel, foundry practise 
and pattern-making. 20 


Mechanical drafting and blue print 
reading. 0 

Practical mechanics, materials of con¬ 
struction, and power transmission, etc., 
(recitations and laboratory practise). 9 


6 


6 


9 9 


Practical mathematics, machine shop 
computations. 5 


5 5 


A typical curriculum for two-year courses is as follows: 


FIRST YEAR 

Hours per week 



Fall 

Winter 

Spring 


term 

term 

term 

Practical Mechanics: 




Recitations. 

5 

5 

5 

Laboratory practise. 

S 

8 


Electrical Motors and Appliances: 




Principles of construction and operation, 
Recitations. 



5 

Laboratory. 

* 


8 

Mechanical Drafting: 




Shop drawing and machine details. 

8 

8 

8 

Practical Mathematics: 


♦ 


Shop computations and use of formulas. 

5 

5 

5 

Shop Practise: 




Moulding and foundry work. 

S 

4 


Pattern making. 

Forging and tempering. 

6 

4 ~ 

8 

Machine tool work. 


6 

6 
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SECOND YEAR 

Hours per week 



Fail 

Winter 

Spring 

Applied Mechanics: 

Mechanism of machinery, materials of 
construction, transmission of power, 
plant care and operation, etc. 

term 

term 

term 

Recitations. 

5 

5 

5 

Laboratory... 

Machine Sketching: 

S 

S 

S 

Tool and jig design. 

Advanced Practical Mathematics, includ¬ 
ing useful applications of algebra, 

6 

6 

6 

geometry, and trigonometry. 

Advanced Shop Practise: 

5 

5 

5 

M achine construction. 

10 

4 

4 

Tool making. 

Optional 


6 

b 

Advanced jig and tool making. 

or 

6 

6 

6 

Advanced machine construction. 

6 

6 

6 


Note: In the two-year courses a considerable portion of the 
laboratory work is actual construction and for that reason the 
time spent in shop practise is somewhat reduced. 

Vocational Instruction under the Direction of the New York 
State Department of Education. In 1908 a law was passed 
by the legislature of New York State (already referred to in 
Section II) providing for vocational and trade instruction 
in public schools. To put this law into effect the New 
York State Education Department organized a separate 
division of trade schools under -the supervision of a chief. 
This division endeavors to keep in touch with the various labor 
organizations and with the manufacturers with a view to the 
promotion of education of such a nature that the young people 
of the state will be fitted to take up employment in the industries 
with the greatest possible efficiency. 

The Department of Education recognizes two divisions of this 
field: (1) There are young people from 12 to 16 who need indus¬ 
trial education of a preliminary character. At this age young 
people are of little value in the industries, but they are of an age 
suitable for the acquirement of the fundamental principles of 
industry. Assuming that the ordinary school subjects of read¬ 
ing, spelling, writing, arithmetic, etc., have been fairly well 
mastered, the applications of these fundamental studies to 
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shop work, shop accounts, business subjects, etc., may be 
profitably emphasized. It is not the aim in this part of the 
work to teach trades, but by means of manual training, drawing 
and other practical studies, the elements of all trades are taught. 

Under the law of 1908 a number of vocational high schools 
have been organized, including a school at Albany near the head¬ 
quarters of the State Department of Education. The Albany 
school is considered typical, and will be treated in more detail 
later. 

(2) The second division of industrial training recognized by 
the Board of Education is instruction in the trades. New York 
State contains a large number of groups of industrial workers 
engaged in printing, textile industries, shoe manufacture, ready¬ 
made clothing manufacture, manufacture of electrical apparatus, 
iron working, paper manufacture, etc. These groups need re¬ 
cruits especially prepared for their specialties. In addition 
to the general preparation given by the vocational high school, 
which is supposed to prepare the way for all trades and business 
activities, there are many special subjects which should be 
studied in order to make intelligent workers in, say, the print¬ 
ing business, shoe manufacture, or electrical machinery manu¬ 
facture. 

The State Department of Education has made a real beginning 
in the first division of its field mentioned above. State aid 
is given to schools which qualify under the law. In the 8th 
annual report of the Department, Mr. A. D. Dean, Chief of the 
Division of Vocational Schools, states as follows: 

The Iiiteymediate Ifidustvial School. The plan as now oper- 
ating provides that five-tw r elfths of the school program shall be 
given over to the shop, laboratory and drawing instruction and 
that the remaining seven-twelfths be devoted to “ book studies,” 
which practically amounts to saying that the pupils shall for the 
remainder of the time take the regular elementary school studies 
corresponding to the seventh and eighth grades. These studies 
are related to the industrial studies as far as is possible. Both 
boys and girls have similar work in English and history. The 
arithmetic course for boys differs from that for girls. The 
geography is viewed as an outgrowth of the life-long problem of 
providing food, clothing, and shelter. The physiology is studied 
from the view-point of hygiene and sanitation rather than the 
structural only. The shop, laboratory, and drawing work differs 
with the sex considered. 
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Vocational Courses in the High School. ■ The Education Depart¬ 
ment proposes a plan by which an average high school now teach¬ 
ing college preparatory, commercial, industrial, and home-making 
subjects can economically and effectively develop courses of in¬ 
struction which shall have a well-blended liberal and vocational 
training. Instead of these schools offering commercial, indus¬ 
trial, and home-making subjects it is arranged so that they offer 
well-defined courses for pupils who seek different destinations. 
A certain amount of the work is common to all these courses and 
consists of the prescribed studies which are deemed essential to a 
sound and symmetrical education and which, under normal con¬ 
ditions, should be prescribed for all pupils in a secondary school. 
These prescribed studies are English for four years, English 
history with civics, algebra, plane geometry, biology, and physics. 
Another division consists of such elective subjects as may be 
necessary for pupils seeking different destinations. 

The “ industrial and agricultural purpose ” courses have inten¬ 
sive courses in the agricultural and manual arts and drawing. 
The “ home-making purpose ” course is rounded out with strong 
courses in domestic science and art, household decoration, sanita¬ 
tion, and personal hygiene. It cannot be emphasized too often 
that a vocational course does not consist merely of vocational 
subjects thrown at random into a high school system. The voca¬ 
tional purpose must be satisfied by a definite course. 

The law states clearly certain conditions which a vocational 
school must meet in order to be considered as entitled to special 
vState aid. (1) It must be independently organized— not neces¬ 
sarily a separate building but most assuredly established with a 
distinct vocational purpose in mind; (2) it must have an enrol¬ 
ment of at least 25; (3) it must employ the full time of a teacher 
and (4) it must have a course of study meeting the approval of 
the Commissioner of Education. The first three conditions 
admit of no changes and are to be enforced in all places without 
variation from the word of the law. The fourth condition allows 
for considerable latitude and discretion. The course of study 
is not defined by the law; it may vary in different localities and 
connect with the different local industries, which vary in different 
parts of a great State. The course of study in agriculture and 
related subjects may emphasize dairying in St. Lawrence county, 
and fruit growing in Ontario county. An industrial course 
may concern itself with the shoe industry of Rochester or the 
knitting mills of Utica; it may omit mechanical drawing in 
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Gloversville and emphasize it in Schenectady. The vocational 
training may be of rather the general industrial nature in Albany 
or have its specific trade aspects in Lackawanna. The only points 
that need to be considered in the establishment of such a school 
course in a high school system are: (1) Is it established to meet 
the vocational purposes in education? (2) Does it meet the re¬ 
quirements of the law? 

The New York Department has ruled that five-twelfths of the 
weekly program of a vocational school department must be given 
over to the vocational studies chosen for the elective group. 
This particular ratio was settled upon after considering two 
propositions: (1) The present requirements for an academic 
diploma call for 41 counts in certain studies, primarily liberal. 
These counts closely approximate seven-twelfths of the total 
number, 72, required for a diploma. ‘ (2) Vocational training of 
high-school grade demands a certain amount of liberal training. 
Preparation for a vocation should have academic recognition 
through a diploma if the work is of high school grade. The plac¬ 
ing of the ratio five-twelfths vocational to seven-twelfths liberal 
will satisfy the time elements of both divisions of the course of 
study. Consequently the pupils in the vocational school course 


have the same liberalizing studies, or their equivalent, as do 
pupils in other courses. They take the same department 
examinations in English, history, algebra, geometry, and biology 
when they follow the same syllabus as other pupils. When the 
school oilers, as it should, special and practical courses in mathe¬ 
matics and science beyond, or in place of, those just mentioned, 
the work is inspected and if the definite outlines submitted to 
the Department are satisfactory, if the teacher is trained for his 
w ork, and if it is seen that he can make direct and useful applica¬ 
tions of the abstract to the concrete shop, laboratory, or field 
work of the home and the school, then the Department grants 
credits without examination. No examinations are given in the 
vocational subjects proper. 


_ there are now 35 industrial and trade schools, employing 145 
teachers. 1 hese schools have a day enrolment of 3370 pupils and 
an evening enrolment of 2933 pupils, or a total enrolment of 6303 
pupds. There are 527 other pupils using the equipment, but 
not enrolled m these schools. 


of 

of 


T 2 AIbany Vocational School is one of the most advanced 
t ese institutions. It was organized soon after the law 
1908 went into effect. It started with one hundred pupils 
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selected from a large number of applicants prepared in the lower 
schools. The equipment of the school does not differ ma terially 
from that of manual training high schools, but very much greater 
prominence is given to the manual part of the course. This 
equipment comprises a wood shop with the necessary benches, 
bench tools, saw bench, band saw, speed lathes, and accessories, 
all electrically driven. A home-making department uses cook¬ 
ing tables, gas stoves, and other necessities of the home, for in¬ 
struction in domestic arts. , 

Book-work is not neglected, but it has a practical aspect. 
For example, in the study of algebra the formulas are stated in 
terms of the workshop and complicated equations are solved 
graphically. The formulas studied deal with such applications 
as electricity, mechanics, and engine practise. In mensuration, 
areas are studied by reducing plane figures to equivalent triangles, 
by counting squares when figures are drawn on squared paper, by 
weighing similarly shaped areas cut from cardboard, sheet lead, 
or iron. In scientific subjects like physics everyday applica¬ 
tions are studied. Among these may be mentioned the radia¬ 
tion from water supply pipes, practical use of exhaust steam, 
steam boilers, and heating and ventilating. 

Industrial work in this school is not confined to boys, but the 
needs of girls are carefully considered. The work for girls com¬ 
prises. housekeeping, sewing and design. The fundamental 
scientific principles underlying the household arts are taken up. 
Girls are taught to use their hands as well as their heads. 

While the Albany school has been in operation but a short 
time, it has apparently demonstrated the soundness of the prin¬ 
ciples upon which it is founded. 

C. Typical Electrical Operating Corporation Schools 

New York Telephone Company. This company gives five 
courses of instruction to its employees, maintaining continuously 
(1) a school for operators, and (2) a school for instrument inspec¬ 
tors and installers; and offering periodically, as occasion may 
demand, (3) a course for cable splicers and wiremen, (4) a 
course for salesmen and employees of the Commercial Depart¬ 
ment, and (5) a course for college men employed in various 
capacities in the Plant, Traffic, and Engineering Departments. 

The first three courses are directed towards the instruction of 
the-employees in the performance of the specific duties for which 
they are employed. The other courses are directed toward 
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extending the information of the employees so as to give them a 
perspective view of the policies and many correlated activities 

of the company. 

The instruction in the operators’ school consists of a series 
cf lectures, each followed by practise at a special school switch¬ 
board of standard construction. The course lasts for four weeks; 
the first week is devoted to simple calls from one direct line 
to another; the second is devoted to more complicated calls, such 
as emergency, party line, official, and telegram calls, and those 
involving an understanding of the meanings of switchboard 
markings; the third is devoted to calls from automatic pay 
stations, to busy or unanswered calls and to trouble reports; 
and' the fourth week is devoted to a review. 

The instruction in the school for inspectors and installers 
comprises lectures, work with standard apparatus that has been 
specially modified tor the introduction of troubles, and work as 
helpers in the field. There are six grades of instruction differen¬ 
tiated ironi each other by the greater or less complexity of the 
involved apparatus or circuits. Not all of the employees in this 
line are required to take all grades. 

Ine course tor salesmen and employees of the Commercial 
Department consists of lectures and observations. It is directed 
as wG give iniormation concerning the organization of the 
company, its territory, the correlation of its departments, central 
Gthee operation and traffic troubles, accounting, ledger routine, 
adjustments, advertising, rates, contracts, renewals, office 
practise, orders, collections, canvassing, and salesmanship. 

Cciuege rnen are usually employed for engineering positions, 
lur construction work, or as central office managers. Instruction 
is given to them through informal talks and through observation. 

are required to make written reports upon their observa¬ 
tions. I ney are also questioned so as to determine their under- 
standing concerning the work. The following schedule, indicat¬ 
ing the nature of the course which is taken by those who enter 
me Engineering Department, has been obtained through the 
courtesy or Mr. H. C. Carpenter: 

New 1 ork Telephone Company 


Operating- course 

« . 3 weeks 

a.. Course in the Operators’ School, 2 weeks* the aftemnnn 

spent m listening in w s > alternoon 
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Galvanometer Work — \ week 

To gain a general knowledge of the tests made, and also the 
method of locating faults. 

Outside Trouble Hunting — \ week 

To gain a general knowledge of the kind of troubles met with, 
and the methods of locating and clearing them. 

Plant Engineering and General Off ice Work — 5 weeks 

This is to gain a general knowledge of the work of the plant 
engineer, of the methods of accounting, and of the organization 
of the Plant and other departments. It is suggested that these 
five weeks be spent about as follows: 

1 week in learning the nature of the plant engineer’s w r ork, 
the preparation of spider maps, character maps, and getting 
familiar with joint use agreements and division instructions. 

If weeks -working with an assistant to one of the district 
engineers on such jobs as may be under consideration, if-possible 
letting the student do some small job himself so that he may 
become familiar with the methods of planning relief and reaching 
new territory. 

1 week on block work—spending about a third of the time 
in inspecting block work, which should include both short pole 
line construction and fence runs so as to become familiar with 
the general layout of interior block cable. The remainder of the 
time may be spent with the block engineer in making new 
blocks and relief of existing blocks, in estimating the cost of the 
work, and finally in the making out the necessary permits for 
the Wayleaves Department. 

I week in learning how to overcome inductive disturbances on 
telephone lines, in studying exposures and methods of cutting 
in transpositions on ordinary circuits and for phantoms. 

1 week with the Accounting Department—learning how the 
material is ordered from the storerooms and from the manu¬ 
facturing company, and the accounting of the material and 
labor under estimates; also learning how records of the Plant 
Department are kept, such as attachments to foreign poles, 
card records, statistics, and records of trunks. 

Traffle Department 2f weeks 

Work of the traffic engineer. 

Rainy Weather . 

During rainy weather, the student goes to one or more repair 
shops to become familiar with the work done in them and to see the 
making up of cable forms, cable head boxes, repairing apparatus; 
?ls°.to gain a knowledge of the stock rooms and the methods of 
issuing and crediting material recovered. 

# *^ ew York Edison Company. Under the auspices of the Asso¬ 
ciation of Employees of the New York Edison Company, there is 
offered free to any employee of the company a theoretical and 
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practical course in electricity extending over three years and 
including fifteen two-hour weekly exercises each year. The 
upper portion of one of the company's substation buildings 
contains a fine auditorium, a well equipped laboratory, and a 
carefully selected and growing reference library. Members of 
the test department give instruction during every evening and 
on one afternoon during fifteen weeks of the year, commencing 
about the middle of November. There has been prepared a 
separate printed and illustrated instruction sheet for each exercise, 
the nature of which can be inferred from the titles given in the 
following table furnished by Mr. H. G. Stott. 

Course 1 

1. Uses and Properties of Electric Currents. 

2. Measuring and Controlling Electric Currents. 

3. Connections and Types of Circuits. 

4. Magnetic Fields and Magnets. 

5. Conductors and Resistors. 

6. Voltmeter Adjustments and' Calibration. 

7. Ammeters and Shunts. 

8. Measurements of Power and Electric Energy. 

9. Magnetic Properties of Iron. 

10. Generators. 

11. Motors. 

12. Storage Batteries. 

13. Characteristics and Testing of Insulation. 

14. Lamps and Photometry. 

15. Alternating Currents. 

Course 2 

1. The Magnetic Circuit. 

2. Direct-Current Armatures. 

3. Separately Excited Generators. 

4. Shunt Generators. 

5. Shunt Generators (concluded). 

6. Compound Generators. 

7. Shunt Motors. 

8. Shunt Motors (concluded). 

9. Prony Brake Tests on Shunt Motors. 

10. Prony Brake Tests on Series Motors. 

11. Motor-Generator Heating Test. 

12. Armature Reactions. 
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1 . 

2. 

3. 

4. 

5. 

6 . 



13. Shop Tests on Motors. 

14. Boosters. 

15. Balances. 

Course 3 

Alternators. 

Characteristics of Alternating-Current Circuits. 

Phase Measurements and Vector Diagrams. 

Principles of the Transformer. 

Constant Potential Transformers. 

Instrument Transformers. 

7. Polyphase Circuits. 

8. Induction Motor Principles. 

9. Induction Motor Operating Characteristics. ' 

10. Induction Regulators. 

11. Polyphase Transformations. 

12. Alternators in Parallel. 

13. Synchronous Motors. 

14. Converters. 

15. Wave Forms. 

Of some 4500 employees, the initial enrolments for 1910-1911 
in these three courses were respectively 60, 180, and 60. Of 
those there were respectively 5, 9, and 5 who attended every 
exercise and prepared the corresponding reports. The average 
weekly attendance was initially 100 and dropped to 70 at the 
conclusion of the season. Decrease in attendance after the 
novelty had worn off also characterized a course of free lectures 
by electrical specialists, given previously in connection with the 
educational work of this company. To prevent falling off in 
attendance, one department of this company is at present com¬ 
pelling attendance on the time of the company. 

D. Data Concerning Railroad Corporation Schools. 

Rew York Central Lines Apprentice School System. As 
the New York Central plan has been worked out in great detail 
and as it comprises most of the features found satisfactory in 
other systems it may be considered as typical of the best practise 
m its line. Six years ago the New York Central lines put into 
operation at the larger shops a school system for the benefit of 

shop apprentices, in various trades. The purposes of these schools 
are i 

work T ° impr ° Ve thS qUality 0f mech anical skill available in shop 
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2. To make apprenticeship attractive to intelligent boys. 

3. To make it possible for the right kind of boys to rise from the 
ranks to positions as foremen and master mechanics. 

School work is done in regular shop time under pay, and in the 
morning when the boys are at their best. The work is done 
under drawing and shop instructors appointed from the local 
shops, these instructors being under the direction of the officers of 
the company in charge of the local shop operations. The whole 
work is under the supervision of a superintendent of apprentices 
who in turn reports directly to the general superintendent of 
motive power. 

The boys who apply for apprenticeships in the shops of the 
company are of various grades of education, some having prac¬ 
tically no schooling, while others are high school graduates. The 
instruction is therefore somewhat varied in character, but is 
mainly of two general types: drawing and numerical calculations, 
and shop work. The drawing instruction is given in the rooms or 
small buildings especially devoted to this work. These rooms 
are fitted up in a simple style with drafting tables, blackboards, 
cabinets for storing boards and supplies, models, etc. The 
courses, which are laid out for all shops by the superintendent 
of apprentices, are of a nature to appeal to apprentice boys. 

The objects which he is expected to draw are the familiar things 
with which he works in the shops. Small locomotive parts, parts 
of shop tools, wrenches, nuts, etc., form the drawing exercises. 
Very simple subjects are assigned at the start, leading up to 
rather complicated ones toward the close of the four-year course. 
The work includes tracing so that the student finally leaves 
his work as if for use in actual construction. In many cases the 
apprentices actually prepare drawings for foremen, supplementing 
the work of the regular draftsmen. 

The drafting room periods afford an opportunity also for 
testing the ability of the students to think for themselves. 
A large number of problems are assigned for home work, these 
problems being all of a simple and practical character. Solu¬ 
tions to the problems are handed in from time to time, and by 
means of blackboard exercises the real ability of the pupils in 
solving problems is tested. 

Most of the time of the apprentices is put in at actual shop 
work under the direction of the shop instructor. This instructor 
is a practical mechanic who is familiar with all branches of shop 
work. His duty is to see that the pupil is taught thoroughly 
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all branches of the selected trade. The instructor shifts the pupil 
from one line of work to another, giving him sufficient time to 
obtain a thorough mastery of each part. For example, if a boy 
elects to learn the trade of machinist, which requires four years, 
his time will be divided up roughly as follows: helping in shop, 
0-3 months; bench work, 6-12 months; light tool work, 3-6 
months; heavy tool work, 3-12 months; in air brake department, 
tool room or brass tool, 3-6 months; in erecting shop, 16-24 
months. The instructor shows the apprentice how to perform 
each operation assigned to him and sees that the work is done 
thoroughly. He thus relieves the foreman of the necessity of 
instructing apprentices, and as he is a specialist in this line, the 
work is much better done than formerly. It is understood that 
while the shop course is going on the apprentice is also working 
in the drafting room, as explained, earlier. 

The instruction of apprentices is very similar to the best type 
of school work of any kind, as will be evident from the descrip¬ 
tion given. The primary function of the course, as should be 
that of the courses of all schools, is to teach the apprentice to 
apply skill and knowledge efficiently in his vocation. Mental 
development is, of course a vital necessity; but this mental 
development comes as a result of the continual exercise of the 
constructive and reasoning faculties. Practically no text-books 
are used in the course. Lectures, examinations, and recitations, 
as used in school, have little place. 

The results of the system have been highly gratifying to 
the company, and although the experiment has been in operation 
but a few years, the benefits have been evident in an increase in 
shop output, a reduction in the amount of spoiled work, and 
increased desire on the part of the boys to prepare themselves 
for trades (including even some trades which a few years ago did 
not attract boys at all) and a general improvement of the spirit 
in the shops. The shop instructors meet from time to time to 
discuss their problems, and as they work through a central organ¬ 
ization, their efforts are marked by unity of plan and purpose. 

The Pennsylvania Railroad Apprentice School. An instance 
of a continuation school, doing a large amount of good in its 
community, is the one maintained by the Pennsylvania Railroad 
Company in Altoona, Pa., which was inaugurated under the 
direction of General Superintendent George W. Creighton and 
his staff, of the company, and the Chairman of the Committee 
making this report, representing The Pennsylvania State Col- 
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lege. (The latter institution holds an advisory position in the 
organization of the school and receives full weekly reports from 
the head instructor.) In this school something over 250 appren¬ 
tices spend one-half a day a week in a specially prepared build¬ 
ing, which, with its equipments, was comparatively inexpensive. 
Three instructors are required. The curriculum consists largely 
of practical drawing, English, natural science, and mathematics. 
The weekly time spent by each apprentice in the school is di¬ 
vided into two periods scheduled for different days. 

The English is taught in a manner best adapted, in the opinion 
of the instructors, to improve the pupils’ ability readily to un¬ 
derstand shop or similar orders and to make verbal or written 
reports in clear language. The natural science studies take up 
elementary functions having to do with features of combus¬ 
tion in the firing of boilers, the simple principles underlying 
machine mechanisms, the qualities and characteristics of mate¬ 
rials used in machine construction, and similar practical infor¬ 
mation which should add to the intelligent performance of the 
workman’s duties. The mathematics taught is a study of the 
fundamental principles of arithmetic, algebra, geometry, etc., as 
they apply to the ordinary simple mental or written computa¬ 
tions which are demanded of the skilled mechanic in the course 
of his labor. The drawing is of a practical sort, such as to give 
the mechanic keener appreciation of working drawings required 
in construction, and to enable the management to select men of 
suitable caliber for their drafting rooms as needed. The 
instruction in English and natural science, of the nature indi¬ 
cated, seemed at the outset of the work to be desirable; and the 
experience thus far obtained indicates its material value in 
improving the quickness and intelligence of the young men 
pursuing the work. 

While in the shops the apprentices are under the supervision of 
the foremen, who in turn are in close touch with the school instruc¬ 
tors. The use of the foremen, instead of the special shop instruc¬ 
tors employed in some other corporation schools, has much to 
commend it. The foreman of sufficient intelligence to carry on the 
industrial operations of his department should have ability, if he 
is the proper man for his place, to direct the apprentices to proper 
advantage. Further, adding this special supervision and in¬ 
structional function to the responsibilities of the foreman 
seems rather to add to his effectiveness and interest in his work 
than otherwise. And still further, by using the foreman the 
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schools are tied up more closely and correlated to better ad¬ 
vantage with the industrial organization as a whole than is other¬ 
wise possible. The apprentice courses are four years in length. 
During this time the young men are given a well rounded and 
broad shop training. They attend the school classes regularly 
during the first three years. 

The school instructors and foremen are required to submit 
exhaustive weekly, monthly, semi-annual, and annual reports to 
the organization management. These reports have apparently 
proved of value in enabling the management to weed out appren¬ 
tices who are unworthy and to place into line of promotion 
young men who are of noteworthy merit. This latter function is 
in itself of sufficient worth to warrant the expense of the school. 

The success of the school, though in operation but slightly 
over two years, has been marked; and the pupils themselves 
have been enthusiastic over this work. Those completing the 
course have, in many cases, petitioned to be allowed to continue 
further. That the management believes the expense of the 
school to be warranted by the results, is indicated by the fact 
that it has recently extended the system to other divisions of 
the railroad. 

Tabulation of Data Concerning Instruction by Certain Steam 
Railroads. A number of important railroads have well-or¬ 
ganized systems of instruction of apprentices. Mr. J. W. L. 
Hale, Head Instructor in the Pennsylvania Railroad Appren¬ 
tice School, just referred to, recently made a careful study of 
the instructional work of a number of systems. His findings are 
summarized in the following tables: 
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4. NUMBER OF INSTRUCTORS AND PUPILS 


Total No. of 

Name of road No. of points apprs. in- Total No. of 

reached structed on instructors 
system 


A. T. & Santa Fe Railway. 

29 

645 

40 

Canadian Pacific Ry. 

3 

353 

of whom 223 
are at Mon¬ 
treal. 

School 5 
Shop 6 

D. & H. Co.. 

3 

95 

School 2 
Shop 

Erie R. R. Co. 

5 

253 

School 3 
Shop 3 (?: 

Grand Trunk Ry. System. 

7 

329 

— 

N. Y. Central Lines... 

12 

690 

School 12 


Shop 12 

Union Pacific. 2700 ~ 

from all 

branches of 
service. Ap¬ 
prox. 175 

apprentices 
included on 
entire sys¬ 
tem not all 
taking course 
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Discussion on “ Industrial Education ” (Committee Re¬ 
port), Boston, Mass., June 27 , 1912 . 

Henry G. Stott: The work that we are doing in New York 
in connection with the companies which I represent, is a very 
modest one, but one which was forced upon us by very peculiar 
circumstances. We have men who are trained for switchboard 
operators in railroad work, who handle a large amount of power, 
and these men are brought in with practically only a common 
school education and are taught the ordinary methods of op¬ 
eration of switchboard apparatus, taking care of the apparatus, 
etc. We found after training up men in this way that they 
became highly expert, although they had apparently no theoreti¬ 
cal knowledge of what they were doing. However, a day of 
reckoning came to us when something went wrong with the op¬ 
eration or some trifling connection was broken, and these men 
failed lamentably. After a few experiences of that kind we 
discovered that no matter how well a man was able to carry on 
his routine duties, assuming everything was in first-class 
order, the least disturbance of that routine upset his whole idea. 
He was only an automaton. He could not think for himself. 
We thought we were using, perhaps, too poor a class of men. 
We tried a number of men trained at technical schools but it 
became very manifest that men who had received technical 
school education, while they met all the requirements of the case, 
could not be held there and we could not expect to hold them in 
work which soon becomes monotonous. We finally came to 
the conclusion that it would be necessary to establish a class 
to find out whether a man was an automaton or whether he had 
been really thinking and reading. 

The work started in this way, but we went on with it as we 
found there was some very good material in the men and it gave 
us an insight into men’s characters which we could not get in 
any other way. We started in the school by putting in the same 
kind of apparatus which men had to handle in their every-day 
work, with all the wiring and apparatus exposed. One of my 
assistants gave the instruction and began at the beginning of the 
electrical work, and found that the men took great interest in 
it. 

After trying this out for about a year we found that we were 
getting inside information in regard to the men’s characters, 
and their way of thinking, which was extremely valuable to us 
in promoting them. Promotions are now made from the bottom 
up. We then established the rule that unless a man took this 
course and passed the examination he could not be promoted. 
Nothing would be done to interfere with his present position, 
we announced, but he could not hope for promotion unless he 
took this course and passed the final examination. This im¬ 
mediately segregated these men into two classes; those who had 
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no hope of promotion, who were indifferent, and those who were 
ambitious and wanted to get along. It has thus been the means 
of telling us which men were best fitted for promotion. 

The course is a simple one, a rudimentary course in mechanics 
and physics, then going on to show how current is generated, 
etc. We have a good laboratory there, showing how measure¬ 
ments are made, and calculations of various simple problems 
are made. In other words, a man is being taught to think and 
reason for himself, not simply to obey rules because he is told 
to do so. The whole endeavor in the department which I control 
is to avoid arbitrary rules, to encourage a man to act on his own 
iudmnent as far as possible. In this way we have achieved 
results by this simple course which I don’t think we could have 
reached in any other way. By encouraging these men to take 
courses more advanced in other institutions, we got a few into 
college, and I think they will make their mark in- life. 

It has been the purpose of the company to find out the point 
of view of the man, whether he was simply there to get his pay 
at the end of the week, or whether he was ambitious enough to 
studv and devote his time to progress. That has gone, through 
a process of evolution, as I have said, so that it is a fairly good- 
course of instruction now, and any man who leaves us is capable 
of performing good service in any company. 

J. P. Jackson: May I ask Mr. Stott where his school gets 
the men—what the class of men is that he gets? 

Henry G. Stott: The majority of men that we get have 
simply been through part of the grammar school; a few through 
high school, but as a rule with only grammar school education. 
We started in at one time to get men educated in technical 
schools, but naturally the monotony of the work, eight hours 
work, seven days in a week, with of course a day off now and 
then, was too great to expect a man to remain there who had spent 
time in getting a scientific education. They would stay a 
year or less and then leave us. _ So that practically all the men 
whom we put into these positions for operators are those who 
have had only grammar school educations. 

A. L. Williston: A great deal has been written or spoken 
from the public platform regarding the pressing necessity for 
industrial education, until it seems as though every thoughtful 
person must understand. And yet, as I work in this field, I find 
that we have not yet begun to make an impression on most 
persons of the seriousness of the need for this kind of work. As 
engineers, we are all interested in efficiency; and we are inter¬ 
ested in the conservation of natural resources; and we are inter¬ 
ested in all things that tend toward the greater economy m the 
utilization of all forces. As we commence to study actual 
conditions in almost all our large industries, we find waste of 
material, we find loss due to inefficiency in the use of power and 
machinery; but, gentlemen, as we study the conditions more 
closely we find that these losses are almost insignificant compared 
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with the greater human losses in almost all organizations and in 
all the industries. 

These human losses are of two kinds; first, those losses that 
arise from the mistakes, the errors, the blunders, the waste of 
time from not knowing what to do, or from not knowing how to do 
the work in hand in the right way. Such losses, as we all know, 
are great enough; but a second type of human losses is, I believe, 
still greater. This includes the waste of human energy that 
comes from having so often the wrong man in any particular job, 
having no natural aptitude or taste for it; and the waste that comes 
from having the great majority of men without any real vision 
of future possibilities that lie ahead of them, and, therefore, 
without ambition to do their work with the same spirit of energy 
and excellence as, when youths, they put into their play. It is 
the lack of ability to see and understand what is ahead, the lack 
of vision of the possibilities beyond the present that, more than 
all else, makes work uninteresting and makes workmen feel that 
it is not worth their while to do their best or cooperate cheerfully 
and loyally either with individual employers or with the corpora¬ 
tions that" are furnishing them the opportunities for work. 

If we could only estimate the value to society of having all 
the young people of the rising generation selected, or sorted in 
some way, so that the right persons would get into jobs for which 
they are fitted and for which they have some particular ability 
and taste; and also could estimate the value of having all of these 
persons given the spirit that would make them feel that their 
work was worth putting their hearts into, and could add to this 
the value, of special training that would enable them to' do their 
work with skill instead of with indifference, I think we all would 
appreciate that, in comparison, all the other efforts that we have 
been making in the past toward increased efficiency would seem 
small. 

In discussing types of vocational schools and what vocational 
schools may accomplish, emphasis is too frequently placed upon 
the curriculum and upon details of methods of instruction. To 
my mind these are important, but there are at least two other 
things that are more fundamental and important. First, it is 
absolutely essential at the beginning to get the right boys to 
work on. If you are going to train young persons for a given 
industry, for example, to train them to be machinists or to be 
switchboard operators, or what not, it is of the utmost importance 
to select persons- riot only adapted to this kind of work, but also 
to select persons who, because of their natural environment, 
their previous life experience, their home traditions and surround¬ 
ings, will look forward to the kind of life and future to which the 
particular vocation will probably lead with enthusiasm, eagerness 
and interest. The first and all-important problem, therefore, 
for the vocational school to solve is to get the right fellow into 
the school at the beginning. This is not easy, in fact it is ex¬ 
tremely difficult; and there are very few precedents or guides to 
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go by. It is possible, however, as there are men who have had 
experience in selecting from the great mass of untrained people 
who are coming out of the elementary schools every year, those 
who will be, with training and experience, well adapted to differ¬ 
ent lines of work. Every capable factory superintendent employ¬ 
ing a large number of young persons and every experienced em¬ 
ployment director has some skill in this kind of selection. Men 
with such experience are needed in vocational schools to advise 
boys and girls regarding the future possibilities that are open to 
them, and to select from the applicants for admission those who 
by natural ability, home environment, etc., are well fitted to 
succeed in the several lines of work for which the school offers 
courses of instruction. 

The thing of next importance is that during the period when 
the boys and girls are in vocational schools, they should, in 
addition to the manual skill that is needed and the elementary 
technical knowledge that is necessary to enable them effectually to 
use such skill in their chosen vocation, receive the kind of in¬ 
dustrial discipline that will enable them to fit into their life work 
as efficiently as possible, and also that they should have their 
ambition stimulated by accurate and intelligent appreciation of 
.the opportunities that will be likely to be open to them later. 
It is entirely possible to develop in school an atmosphere which will 
give just as good industrial discipline as any shop. It is possible 
to select tasks and occupations in the school which will cultivate 
a right attitude toward work, a spirit of co-operation with 
one’s employer and those other qualities of character which are 
essential for the best success in after life. And these things are 
more important, in my judgment, than are the questions of how 
to teach practical mathematics or elementary applied science, or 
of how many hours of shop practise of one kind or another to 
include in the curriculum. Yet, when we get together to discuss 
matters of industrial education, I find, too often, we spend our 
time on the latter questions of details regarding the curriculum 
and too seldom on the correct methods of getting the right boy 
to work with, or the best ways of developing in him the particular 
qualities of character and manhood that his chosen vocation re¬ 
quires. 

To some persons what I have just said may sound as if I were 
repeating what has always been the aim of all good schools. 
This, however, is far from the fact. Until very recently, and with 
very few exceptions, no schools have made a serious attempt to 
analyze the different vocations and to find out what particular 
qualities of character are essential to each, and no schools have 
seriously endeavored to develop the particular qualities that a 
chosen calling requires. It is this specialized kind of character¬ 
building which is the important function of the vocational school. 
There is in this country and abroad experience enough to prove 
beyond a possible doubt that this is not a visionary idea but is 
entirely practical if we set ourselves seriously to the task. 
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It is not necessary for me to take time to tell you gentlemen 
of the American Institute of Electrical Engineers or of the teach¬ 
ing profession—all of you earnest advocates, of engineering 
education and of all the higher types of industrial schools that 
mechanical skill is a good thing, or that technical training is a good 
thing, or that the spirit of open-mindedness, which makes one al¬ 
ways eager to search for truth and a better way, is a good thing. 
To you I have only to suggest that in the field of trade teaching, 
mechanical skill and elementary technical training adapted to 
the needs of the boys who may not have even a complete grammar 
school education/and the spirit of open-mindedness to new 
methods and new ideas, are as useful, in relative measure, as we 
ourselves have found them in our own particular field in the higher 
departments of education. 

Albert L. Rohrer: Tolstoi was very fond of describing labor 
as being under four heads, the first being that of muscular labor 
such as the ordinary laborer does, building roads, and carrying 
the hod; the second class is that of the hand and wrist, done prin¬ 
cipally in factories; the third is that of the mind as shown by 
the work of the engineer; and the fourth is the labor of co¬ 
operation, that is, of all classes of labor working together, 
team work, as we are pleased to call it now. Until now both 
societies have been concerned from time to time in discussing the 
third class, the work of the engineer, the training of his mind, 
and the result of his work. Both societies, I say, because 
one society has discussed the education of the engineer, 
the man who is to do the thinking, while the other society has 
discussed his work; but it seems to me that the second 
class of labor, that of the hand and wrist, is of equal importance, 
and I am very glad indeed to see it given such an important part 
in the program. It well deserves and merits the joint session 
which is being held to consider it. 

Now the problem of training the hand and wrist has been at¬ 
tacked from a great many view-points. A great deal of good work 
is being done. The report of the committee just made indicates 
to you what has been accomplished, and I believe and agree with 
Professor Slichter that any man who takes the time to inquire 
into the topic at all will become enthusiastic. And I think it is 
the duty of every engineer to get interested in this problem. 
He can serve his locality and his country to very great advantage 
by getting interested in the situation and assisting with his good 
judgment. 

Professor Jackson has asked me to describe briefly the work at 
Bridgeport which was referred to in the report of the committee. 
I spent a very interesting day there some time ago, and to any 
of you. who are interested I think a few hours, even, spent in 
inspecting that school will serve to fill you with enthusiasm. 

The peculiarity about the Bridgeport school and the school 
at New Britain is that the two schools were started and are con¬ 
ducted by the state of Connecticut. The state alone is doing 
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it, and the schools are doing some real constructive work. For 
instance, the school at Bridgeport, which I inspected, is located 
in a factory building. That gave me a very good impression 
at first sight. There is a certain atmosphere that prevails there 
which you could not possibly get in a school building. Four 
different branches have been taken up: that of metal working, 
or machinist; of carpentry and pattern making; of printing, 
and that of sewing. They have been particularly fortu¬ 
nate, I think, in selecting their teachers. They are all journey¬ 
men. They have attacked the problem, you see, from the stand¬ 
point of the practical man, and not from the schoolmaster's 
idea, and I think in some cases where the problem has been at¬ 
tempted by schoolmasters alone that it has not worked out so 
satisfactorily. These men at Bridgeport are all enthusiastic. 
They also have two ladies who are in charge of the sewing division 
and they are really accomplishing things too. 

One feature impressed me very favorably in talking with the 
boys, and inquiring into what they had been doing. 

The boy does not usually know what he wants to do. Mr. 
Williston has referred to that. They are given an opportun¬ 
ity there to try themselves out, which is a very important 
thing. Several of the boys had tried two or three different 
trades. One boy thought he wanted to learn the printing trade. 
He did not work out well at that; he then thought perhaps he 
might want to be a carpenter. He entered that division for a 
time, but did not work out very satisfactorily there, and finally 
he landed in the machine shop, where he is doing very good work 
indeed. 

The work is all practical. They don’t do any show pieces 
which are put in a case or laid on a table. Everything that the 
boy does is put to practical use. The city of Bridgeport offers 
some very good opportunities for that work. The business of 
Bridgeport is very largely the metal trades, and it comprises 
a large number of small factories. Everything that they do in 
the way of carpentry and printing and sewing can be carried 
into any city in this country. The carpentry division took a 
contract a few months ago for building a $5,500 house. These 
boys, fourteen years or over, made their designs and have done 
all of the work. It seems to me a great inspiration for the boy 
because he sees that he is accomplishing things, and that is 
far better than making up forms and things of that sort. 

I don’t know r that we can say that this Connecticut plant is 
the only solution of the problem, but it seems to me that they are 
working along the right lines and I was greatly impressed with the 
character of the work that they are doing. They are doing a 
great many interesting things. It is practical, every bit of it. 

Another feature that I should have mentioned earlier—any 
boy fourteen years or older can attend that school. I saw one 
man there of some twenty-five or twenty-six years. And 
a great many boys go from the sixth grade into the 
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school and are doing very good work. It is possible that 
. jere should be a little closer affiliation between the school and 
the municipality m which it is located, but I like the spirit they 
dcm They don t ask the boy if he comes from Bridgeport 
or where he comes from. A great many bo vs come there from 
the larms outside, and they belong there as well as the boy from 

; A ^ ? ertainly interesting, the way the plant has 

orked out, and I am very glad to call it to your attention this 
morning. If any of you can find time to stop off there I am sure 
\ou will be very much interested. 

^* 1 ?* Jackson: May I ask Mr. Rohrerwhether, in the lame 
youn § m ® n that he employs, he has noticed any dfs- 

dffferen?'VWlf f ^ T d oi u men they are on account of the 
amerent kinds ot education that they have? 

A V be , rt T Rohrer: , 1 don,t kn ow that I'can answer that question. 
l|V at deal depends on the characteristics of the boy, how in- 

dSS bovs—T how anxious he is to get on. We of course 

f r ^ u * ar ? s P ea kmg now of the apprenticeship work— 

we ha r ve e fn b °h S K Wh0 *f en throu S h the eighth grade. But 
startSIn t W^°7 S ft h ° ¥ dr °PP ed out before they were fairly 
all denpnrlQ sex ® nt hgrade and they got along just as well. It 
depends on the characteristics. 

™Cf^'^ ranklin h 1 W0U 1 W like t0 ask whether the school is 
summer? f ’ ° r her they have a vacation in the 

t k- Rohrer. Fifty-two weeks in the year. And mav 

oS ?hin°lf m TW MiXe t dUp Wi . tb this - they are doing several 
ame lines so that boys who are working in the city or’elsewhere 

SSt 0 ”? SCh0 ,f Th r ey ^ w th ^ oonfinnatkm 

idea. A number of the small manufacturers in the city who haw 
apprent'cesMp boys, btt not in snfficient number to mahSL 

' i°sw,?„' S “ d b ° 5 l “ half da >’ “<* and tiS? 
You can ¥ P WOrk ^ m echanical work there 

stands hi the twelfth U* & combination there where nothing 

his condition f he b ° y ° r man Wh ° teally wants t0 improve 

W. S. Franklin: I would like to know whether the Brideenort 
school attempts to reproduce the shop equipment in defah 5 

m^Tr°ll S n in tb UStne - S for y hlch they attempt to train the young 

phases of alltdLf y 1 the N° T r elemen tnry and fundamental 
pnases ot all industrial work? I ask that for a very practical 

t p S ° n ' 4 number ,°f us have been discussing in Bethlehem 
the question ot starting a school of this kind, aSd the problem 
we are faced with at once is whether it is justifiable to reproduce 

2 2hlfber XpenSe ¥ machinery equipment in the existing shops 
or whether we ought not to try to give the boy a beginningin 

his apprenticeship work so that he can afterward get the more 
detailed training m actual shops. I want to know simply, does 

met5 worSnJiSriesT 6 * Sh ° P Cquipmcnt in ^ 
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Albert L. Rohrer: Very complete, including an assortment 
of lathes, milling machines, and one or two planers. Of course 
a boy fourteen years old has got to begin with fundamentals. 
But, it is worked out in a very practical way. If they take, for 
instance, a repair job, a boy is sent to the place where the piece 
of machinery is located and he makes a pencil sketch. He 
comes back and makes a drawing of the part. Then a pattern 
is made and when the casting comes in the boy machines it and 
he is sent out to put the piece in position. 

Henry H. Norris: In a recent letter, Mr. Glenn, the super¬ 
intendent of the Bridgeport Trade School, states that the 
“ day school runs nine hours a day, five days a week, four hours 
Saturday, fifty-two weeks a year, and that the length of course 
is 4800 hours, approximately two years, for boys.” He also 
states that the manufacturers’ association has allowed two years 
on commercial apprenticeship for graduate machinists, exactly 
the time spent in school, so that the boys enter the trade of 
machinist with full credit for the time spent in this school applied 
to their period of apprenticeship. I also want to call attention 
to the “ Artisan,” a monthly publication of this school, entirely 
the work of the boys of the school. It gives a delightful picture 
of the school from the standpoint of the student. 

J. W. L. Hale: I think it is evident to you that within the 
last decade the subject of corporation industrial education has 
become significant. It is a matter generally of the conservation 
of mental as well as physical resources. As has been well said 
this morning, when the country’s resources become reduced it 
is necessary to turn more strongly toward development on the 
mental side. You can cite the example of Germany in this 
connection. Germany’s resources, compared with those of the 
United States, are poor, but particularly in the mechanical line 
Germany has endeavored to, and is, conserving mental resources. 
In the United States, within the last few years, considerable 
attention has been directed toward the subject of physical con¬ 
servation,. and now we are discussing the question of mental 
conservation. One agency for mental conservation is the cor¬ 
poration school. The railroad school is one which I want to 
discuss for a few moments. 

The functions of this class of school are given in the Report 
as follows: 

“1. To improve the quality of mechanical skill available 
in shop work. 

“ 2. To make apprenticeship attractive to intelligent boys. 

“3. To make it possible for the right kind of boys to rise 
from the ranks to positions as foremen and master mechanics.” 

As far as the speaker’s experience goes it seem that the third 
function is perhaps the most important. In order to make the 
third possible, the second must be carried out. That is, ap¬ 
prenticeship must be made attractive to intelligent boys. In 
the case of the Pennyslvania Railroad, which has recently taken 
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up the question of industrial training in shops, m the present 
stage of the work, it is impossible to hope to recruit the mechan¬ 
ical* force in the shops entirely from apprentices. In Altoona 
alone there are approximately at the present time 12,000 em¬ 
ployees of the railroad. The apprentices number approximately 
three hundred. Therefore, my former statement, I think, is 
evident. However, it is highly desirable to develop the three 
hundred for positions of responsibility in connection with the 
shop management. 

The growth of the railroad school in the last five years lias 
been remarkable. There are at least eight representative roads 
through the Eastern and Middle States which are giving appi en¬ 
tices well organized courses of instruction—I don’t like to say 
theoretical—but in underlying principles and in shop work as 
well, and they are getting results. The tables which are shown 
in the Report, given by permission of the Pennsylvania Railroad 
officials, are made up from data obtained in the spring of last 
year. Howrever, they represent conditions at the present time. 
If we refer to these for a moment it might be well to note that the 
development thus far along the line of railroad schools has been 
confined to apprentices in mechanical departments, except in 
the case of the Union Pacific Railroad which is doing a general 
educational w~ork by correspondence. They have an evening 
school at Omaha for apprentices, of the Omaha shops only. 
They are doing a good work generally, but since the instruction 
is conducted by correspondence it has some disadvantages which 
are inherent in that method. 

So far as the organization is concerned, the shools giving in¬ 
struction to apprentices in the mechanical department are man¬ 
aged by the motive power officials. Instruction is given in both 
shop and school and includes elementary subjects from arith¬ 
metic to mechanics, and is presented in a severely practical way. 
The work of these schools is distinctly different from that of a 
good man} 7 other types of school from the fact that we have to 
change over the courses of the common school for specific trade 
purposes. This work opens up a new field in changing over from 
the general into more practical and definite subjects. The 
preparation of the boys that we get varies all the way from the 
sixth or seventh grade grammar to high school graduates. 

As has been well said, what we have to do, is to give 
the boys the proper degree of ambition, enthusiasm and 
interest. There is only one more point for which I will 
take your time, and that is to repeat the statement I made 
first, that we must conserve mental as well as physical energy 
and give attention to development and increase of efficiency on 
the educational as well as on the mechanical side. It is neces¬ 
sary to develop the human unit as well as the mechanical unit. 

W. S. Franklin: I happen to be quite familiar with 
a recent educational movement in the Pennsylvania Rail¬ 
road in the telegraph department, which is superintended by 
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^ r ' Johnson, and the work that he is doing illustrates a 
matter which has been in my mind for a long time and which 
1 had. in mind when I asked the question of Mr. Rohrer as to the 
duplication of existing industrial equipment for educational 
purposes for schools. 

It seems to me, if I may preface what I want to sav by a 
general statement, that one of the greatest problems we 
have m education at the present time is to make use 
ot industrial and commercial establishments as schools to the 
extent that they are schools, and I think that they are schools 
to an extent which we scarcely realize. We have been goiiw 
on for many years, detaching school work from practical work! 
And I think that one of the most serious faults of our present 
educational system is its detached character. We place a boy 
or girl in a seat, at a desk, with a book to study, requiring power 
of application they have not got and ideas that they have 
not got to understand. This seems to me to be the most un¬ 
fortunate thing that can possibly be imagined. 

Now, what I want to say is this: if boys of fourteen years and 
older are able to _ earn money in industrial establishments by 
going in there against the law, or on the basis of perjury of their 
parents, why is it not possible to place them there under the 
supervision of the public school officer to see that they get a 
proper variety of work and to see that they work not to exceed 
a certain maximum number of hours? Why isn’t it possible 
to make use of the industrial value of that youngster at the same 
time that we are training him? 

Now what Mr. Johnson is doing is this: Mr. Johnson’s 
department in the Pennyslvania Railroad is the telegraph 
system, and his equipment, of course, is spread over the 
whole United States, pretty nearly; it is a distributed equip¬ 
ment which cannot be made use of for school purposes except it 
be organized as a part of a correspondence system, and Mr. 
Johnson is now establishing a correspondence school for all of 
the employees of this department. 

As I said a while ago a number of us in Bethlehem have been dis¬ 
cussing this question and the one thing that stares us in the face 
is this what is the use of the town of Bethlehem buying a new 
lathe when there are about a million lathes in that town already? 
And what is the use of the town of Bethlehem doing a great many 
other things in useless duplication of existing devices which are 
already crying out for somebody to use them? We must study 
to some extent how to make use of existing commercial and in¬ 
dustrial establishments as schools to the extent that they are 
schools. 

And just one other thing I want to say: In order to realize 
my idea, let us devise, let us plan detached schools for babies, 
so that by the time our youngsters are fourteen years old they 
can do something that is commercially worth while in an actual 
establishment, instead of in detached establishments. 
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I am very glad to know, from what Mr. Rohrer says, that a 
nine-hour dav with six days a week, or nine hours for five days 
and five hours on Saturday, is the rule in the Bridgeport school; 
for that means an approach to real discipline which is good 
to SG6. 

A. L. Williston : I am somewhat familiar with the plan of 
the Fitchburg School. It is an adaptation to high-school con¬ 
ditions of the plan which Dean Snyder has worked out for uni¬ 
versity conditions in the city of Cincinnati. The boys enter the 
Fitchburg high school on very much the same terms as any other 
boys enter other high schools’. They spend the first year in the 
high school giving their whole time to the school work inside the 
school building. ’ During the second, third and fourth years, 
however, an arrangement is made with local manufacturers in 
Fitchburg by means of which the boys spend alternate weeks, one 
week in school and the next week in some shop in the city. 

There is an effort made to distribute the boys around in differ¬ 
ent shops during the different years of their four years’ course, 
so that each boy will get some experience in wood-working, some 
experience in foundry-work, and a larger amount of experience 
in machine shop practise. For some boys the plan is working 
admirably, especially for those who are fortunate in getting into 
shops where the conditions are such that they have a chance to 
work on a variety of tools and to get intelligent answers to ques¬ 
tions regarding how this work should be done or how that machine 
should be operated. 

Without doubt, there is in all the shops the endeavor to treat 
the boys as v T ell as possible; and the school authorities endeavor 
to carefully supervise them in the commercial shops, so that all 
is being done in that direction that can be done. But neverthe¬ 
less, I think this statement is entirely fair: Many of the persons 
who provide places in their works for these “ part-time ” boys 
fin d it extremely difficult so to organize their shops as to make it 
possible for each boy to get the variety of work and the change 
of occupation that he ought to have for his most rapid advance¬ 
ment. The conditions in some of the shops make it necessary 
for a boy to do things which he already knows how to do, and to 
continue to do this week after week, wasting a good deal of his 
time. In other shops the atmosphere is not stimulating either 
to the boy’s intelligence or his ambition, and he does not learn 
from the workmen around him the spirit of co-operation. 

On the whole, however, I think the plan is "working well, and 
I believe that the boys who are taking the part-time course are 
getting a far better industrial training than they could get with 
the facilities in Fitchburg in any other -way; but I don’t think 
that it is by any means demonstrated that this is for all places 
the best why. The State Board of Education in Massachusetts 
recognizes the Fitchburg plan as one of the ways to give industrial 
education, but it has also encouraged in other cities, in Worcester, 
New Bedford and elsewhere, the establishment of schools of very 
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much the type of the Bridgeport school which Mr. Rohrer 
described, in which the boys are kept all of the time in an atmos¬ 
phere that is, I believe, just as honestly industrial as is the at¬ 
mosphere that the apprentice boy finds in the average commercial 
shop.. This enables the school to keep complete control over the 
situation at all times, and the boy to be transferred from machine 
to machine, or from department to department, as is necessarv 
for his best advancement. 

The course of school instruction in the part-time school at 
Fitchburg is modified somewhat from the usual high school course 
in order to make it better fit the needs of these boys who are 
spending one-half of their time in commercial shops. This 
modification or adaptation of the school instruction to make it 
dovetail in with the shop practise and fit the special needs of these 
boys,^ is growing, but as yet it has not been developed as far as 
I believe the authorities in charge of that school feel is desirable. 
If further information is desired, I shall be glad to answer any 
questions which you gentlemen may desire to ask. 

W. I. Slichter: The states of Massachusetts, Maine and 
Wisconsin provide that this arrangement may be carried out and 
it is carried out in a number of instances, particularly in Massa¬ 
chusetts. In the report of your committee you will find a 
definition of the “ part-time school ” and this statement in the 
body of the recommendations: 

u In the opinion of this committee, the feature of the Massa¬ 
chusetts and Wisconsin laws which causes them to excel those 
of all other states, is the provision that in order for a vocational 
school to receive state aid it must receive the state’s approval of 
many of its important features, such as courses, teachers, build¬ 
ings, methods, time and accounts. This clause is used as an 
inducement to encourage the local boards to consult with the 
proper representative of the state board from the beginning of 
the organization of the' school, rather than await the exact 
period when money is requested of the State. The State board 
includes an assistant superintendent who has made a special 
study of the subject of vocational training, and, as members of 
the board, are private citizens representing the points of view 
of employers and employees.” 

William McClellan : It was my privilege for several years to 
be in manual training school work as a teacher, and later to be 
connected with engineering education in one of our larger insti¬ 
tutions. With all due respect to those who favor industrial edu¬ 
cation, it ought to be recognized that, so far, it has been framed 
and worked out rather from the standpoint of the corporation 
than from the standpoint of the individual. 

Proof of this has been given this morning. For example, Mr. 
Stott said that he was forced into it, and yet Mr. Stott has proved 
that his thought and aim in every respect are philanthropic. 
The apprentice system has failed and corporations have been 
driven to take up some other means for getting their industrial 
workers. 
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Again, when Mr. Williston spoke this morning of ambition, 
and the cultivation of it, it occurred to me that the necessary 
condition to cultivate it and to have it grow and accumulate is 
that in which there shall be not only an inlet but also an outlet. 

The man whom you expect to be an ambitious man should 
never find himself or be set in a blind alley. I am impressed in 
this discussion today with the distinction which is apparently 
made between the so-called vocational school and the so-called 
professional school. At the beginning we seem to be dividing 
men arbitrarily between those who must go into vocations and 
those who must go into professions. This leads me to think 
that correlation is really what we must strive for. 

Those of you who remember Plato’s “ Republic ” recall that a 
scheme was laid out by him in which men dropped out along the 
road. As their mental abilities were discovered by the state, 
they were arbitrarily side-tracked here and there, and there was 
a gradation of activities until, at the top, was government in its 
noblest sense. 

I have never framed a definition of the word “ professional ” 
as applied to professional schools, but it has seemed to me that 
the difference between a profession and a vocation is that as 
you deal more with the human element you get into what we 
designate “ professional work.” That is the reason today, I 
think, that the occupations of the clergyman, the lawyer, and 
the physician are regarded as professions. We hear so many 
ask why engineering does not stand with the professions, and I 
believe that the answer is that we have not yet begun to deal 
sufficiently with the human element. 

I find, however, in our professional schools, so-called, that we 
are turning out four or five classes of men. We turn out the mere 
operative, the man who for all his life must stand at the drawing 
board, machine, or instrument and this is as far as he can get. 
Then we have the engineer business man. He is not an engineer 
in the true sense. Then we have the genuine engineer who 
really designs and constructs on original lines. And, finally, we 
have, from the same course of study, a type of man—for which I 
am really indebted to Professor Bedell for a name—the “in¬ 
dustrial physicist ” who does not* actively get into engineering 
but who applies science. 

Now, gentlemen, these classes are needed and we must arrange 
for their development. We must start with the boys and corre¬ 
late all these agencies for education in such a way that men 
will find themselves by natural selection. We cannot select 
them at the beginning. We have no business to assume that 
there is a. certain class of vocationalists here and a certain class 
of professionals there when they are thirteen or fourteen years of 
age. We must provide means in our system for professional, 
industrial, vocational and what-not education in proper relation’ 
so that the workers will drop into vocations and professions for 
which they are particularly adapted. 
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In line with that, let me make one suggestion which I think I 
have made several times before, and that is, that as an engineer 
I do wish that, as far as professional and educational interests 
are concerned, we could get rid of the use of adjectives. 

Yesterday President Dunn spoke, I think, of some thirty-four 
different kinds of engineers and of the fact that when we want to 
do anything in this country for engineers, we have to get joint 
committees for pretty nearly everyone of the thirty-four organ¬ 
izations. Is it any wonder that we do not make more progress? 

I w T ish that the colleges would stop using the adjectives for the 
mere graduates, or bachelors, and call them graduates in engineer¬ 
ing. Later, let them grow into engineers;—civil, sanitary, 
mechanical, electrical, bridge, industrial, and so on. 

Professor Diemer: Right in line with what the previous 
speaker has said I would like to call attention to a charting of 
industrial education along Plato’s line, only modernized, by 
Dean Pearson of the Tuck School of Finance in Dartmouth Col¬ 
lege. In a little book entitled “ Industrial Education ” he has 
outlined a chart in which the central path shows the continuous 
flow of the common school education, and he recommends there 
a branching off on one side or another, particularly the establish¬ 
ment of such systems of education in which a child can be 
branched off at any stage, we will say, after the seventh or eighth 
grade, and made to receive certain lines of education which will 
insure his becoming a better citizen in the line in which he is 
forced to go. 

For instance, we have here the continuation school after the 
seventh and eighth grade, and we advocate that the common 
school s}' r stem should include constantly certain principles of 
fundamental work, we will say, in science or mechanics, simpli¬ 
fying those terms as will best suit, or manual arts, arts and crafts, % 
which are not intended to be in any sense of the word educational, 
but general culture. Now we should supplement that common 
school, Dean Pearson says, by certain systems of education on 
the one side branching off for the men who have more ability 
with handicraft, and on the other side for those who have ability 
in accounting and clerical work. So that we branch off on the 
seventh or eighth year to provide a system of education which 
will better them in their lives. Then we must provide for trade 
schools or for industrial schools which will take the place of high 
schools which are intended as a system flowing into the college. 
Then he advocates in the college, also, a certain differentiated 
technical college course. He would have this college course 
divided, each side containing a predominancy of management, 
but the one side of a predominancy of the scientific technique 
and the other of instruction in accounting and financial technique.. 

I simply call attention to that suggestion of Dean Pearson as 
carrying out a little further the idea of the previous speaker. 

Comfort A* Adams: I wish to endorse most heartily what Mr. 
McClellan has said, since it strikes at the very root of the prob- 
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lein. This problem is not solved when we have provided in¬ 
dustrial education for those who, by accident of birth, cannot 
afford anything else, although that is doubtless a step in the 
right direction; the problem is not solved when we say to at 
least 80 per cent of our boys—“ You may attain to the position 
of high grade mechanic but may never gain admission to the 
professional fields, no matter how much better your native tal¬ 
ents may be adapted to professional work.” 

At the same time, we are forcing through our technical profes¬ 
sional schools many young men who are there chiefly because their 
parents can afford to give them the higher education and not be¬ 
cause they are able to profit by it in any marked degree. I am not 
forgetting the numerous scholarships, evening schools, and other 
aids to bright boys of slender purse, but I think you will find on 
closer scrutiny that the beneficiaries of these various aids come in 
large part from the financial upper 10, or at outside, 20 per cent of 
the population. Neither am I overlooking the very exceptional 
men who cannot be kept down by any lack of opportunity; they 
make their own opportunities. If we were to base our educa¬ 
tional system solely on the needs of this exceedingly small group, 
our problem would disappear. 

We thus have a social order in which education beyond the 
rudiments is so restricted that we are practically wasting a large 
part of our raw material, in so far as the assorting of the men for 
the various occupations and professions is based largely upon 
accident of birth rather than upon real fitness; upon the extent 
of the parent’s pocketbook rather than that of the child’s intel¬ 
lect. 

The only factor which should control the opportunity for an 
education is the relative ability to profit by it, and while this may 
seem a millenial ideal to many, our talk of “ equal opportunity ” 
is hypocritical until we have definitely set ourselves the task of 
realizing that ideal. 

We talk much of efficiency in our engineering work, but we are 
apt to overlook these very vital considerations which affect so 
tremendously the efficiency of the whole social organism of which 
we, as individuals, are very small parts. 

I realize fully how far such questions reach, and that they in¬ 
volve the consideration of many subjects and problems neither 
primarily educational nor engineering in their nature, but they 
are problems which we as citizens must face, and many of which 
would be vastly simplified by the application of engineering 
methods. 

Therefore, while we are lending our cordial assistance to the 
promotion of the numerous extensions of our educational system, 
let us not lose sight of the ideal of “ equal opportunity let us 
work towards that ideal, first, as “ citizens of no mean country ” 
and second, as members of no mean profession. 

F. C. Caldwell: I am glad to say that in Ohio we 
are making a good start along this line of industrial educa¬ 
tion. Besides the general application of manual training to the 
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grammar schools, we have manual training high schools in the 
larger towns and in Columbus, at least, they are also experi¬ 
menting with the alternate week cooperative plan in connec¬ 
tion with manufacturing companies. I agree with Professor 
Williston that this is something which should be regarded as an 
experiment. It is certainly a good thing for some cases and 
always much better than nothing. But that it is better in the 
case where a man is able to put all his time into his school work 
is by no means demonstrated. 

This educational attitude, which the employers of labor form¬ 
ing the manufacturing companies are coming to adopt toward 
their employees, is exceedingly promising in one direction which 
has not been mentioned. When the personal employer was 
superseded by the corporation with its officers there was a great 
loss in the personal and friendly relationship with the employee. 
I suppose a good many here, like myself, have been through the 
shops and they probably found, unless under unusually favorable 
conditions, that the employees felt they were simply parts of a 
big machine, that their personality was of no consequence; that 
the corporation employed them to do a job and that it was a mat¬ 
ter of absolute indifference to the employer whether they stayed 
or went, whether they advanced or not. That there has often 
been some justification for this feeling cannot be questioned. It 
seems to me that what you might call the “ educational attitude ” 
of the corporation toward the employee may do something to 
fill the place of the old friendly relationship between the personal 
employer and the employee. 

One other point that one of the recent speakers brought out 
ought to be emphasized, and that is, that whatever we do in the 
way of industrial education for the masses should always have 
in view the possibility of carrying a man further, of giving him 
the very best education that any one can have. I do not like the 
idea that when a man selects the manual training high school or 
vocational school, he is thereby shunted off from the natural 
course of advancement into the university. We must find some 
way by which a man who comes to the vocational school and 
thereby develops and shows the qualities which will fit him for a 
position as an engineer should have the opportunity to go right 
on up to the top. 

M. J. McGowan, Jr : I would-like to ask a question with refer¬ 
ence to the relation of the engineering society to the state boards 
of education in the different states of the United States. Does 
this society cooperate in every state with the state board of 
education, to teach particularly the line of electricity? I ask it 
for this reason. In the state where I come from, New Jersey, 
the doctors are interested in the advancement of instruction in 
their line, the agriculturist is the same way, and all the different 
professions have colleges which teach their particular work. But 
I have never heard of anybody being interested through the state 
board of education to take up the technical courses in the schools 
of the state as to this line. Now having been connected with 
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the state government, I took great interest in watching 
the different schools, the different societies and professions 
which are interested, but at no time in the state of 
New Jersey have I seen anybody in the electrical line in¬ 
terested to see that the scholar or student should get the 
preliminary education which would bring him in touch with 
this particular line or profession. I think this is a very impor¬ 
tant point and I think this society, in this joint session, 
should arrange, in all states, committees who would wait on the 
state boards of education and show them that the electrical 
field today is one of the greatest and most promising of any pro¬ 
fession that has ever been known. In the city from which I 
come, Newark, New Jersey, I have installed in one school a 
switchboard apparatus, for technical training in the electrical 
field. It was the first time it had ever been done in this twentieth 
century. That is due to lack of encouragement to the state 
board to show that this particular line needs taking care of. 
You will notice that all these technical schools are situated 
nearby the different electrical industries. That shows, in my 
mind, that those industries are greatly interested in the par¬ 
ticular schools for their own convenience, for which I do not 
blame any man or any corporation. They further their own 
interests. We must try to eliminate if we possibly can any 
stated line of study being taught or the following of any particu¬ 
lar line of material or peculiar workmanship. Let the teacher 
be interested generally and go through it all from a to z. Don’t 
lay any stress on any company’s manufacture in any school. 
And I trust that in this way we shall undertake to cooper¬ 
ate with the heads of education in the different states. Go to the 
governor and ask him if he will appoint some representative 
from the engineering society or from this joint convention to 
attend to that matter, and by doing that you will put the re¬ 
sponsibility for the teaching of electrical science in the public 
schools of the different states up to the A. I. E. E. to see that the 
teaching will be right. 

W. G. Raymond: The time has almost arrived when we shall 
have to ask Professor Jackson to close the discussion, but the chair 
cannot forego this opportunity of relieving his mind, of something 
which, perhaps, you will consider a heresy. You have been dis¬ 
cussing principally this morning the details of industrial educa¬ 
tion, and sometimes it is necessary to plan the details before we 
plan the general structure, but it is always necessary to provide 
the means before the general structure can be built. I do not 
know whether you all realize it, although you all doubtless 
know, that as far back as 1862, a plan was outlined and provision 
was made by the Federal Congress for putting us in a position 
that we are not now in. This committee says that we rank be¬ 
hind European nations in this matter of industrial education, but 
if it had not been that the funds derived from the act of 1862 
have been almost universally misapplied this country would not 
now be in that position. It makes no difference whether the 
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colleges of mechanic arts established under that act were 
separate institutions or combined with state universities, the 
money has never been used for the development of mechanic 
arts. I think without exception there has been no school of 
mechanic arts created in any state under that act which pro¬ 
vided distinctly for schools of agriculture and schools of mechanic 
arts. Dean Jackson will now close. 

J. P. Jackson: I suppose from the remarks made by Professor 
Raymond that he is not familiar with the basis of organization 
of the Land Grant Colleges. The measure passed by Congress 
in 1862, in regard to the establishment of these useful institu¬ 
tions, is as follows: 

“ The leading object shall be, without excluding other scien¬ 
tific and classical studies, and including military tactics, to teach 
such branches of learning as are related to agriculture and the 
mechanic arts, in such a manner as the Legislatures of the States 
may prescribe, in order to promote the liberal and practical edu¬ 
cation of the industrial classes in the several pursuits and pro¬ 
fessions of life.” This includes everything, I believe, that is 
being taught by the great bulk of our State and United States 
supported, or, to use the official title, Land Grant institutions. 
These institutions have always been alive and vigorous, have 
been leaders of educational thought along the applications of 
science, and have proved of prime usefulness to the nation. 

W. G. Raymond: I agree with you. 

J. P. Jackson: If that is the case, I need say no more on that 
subject. I think there is a great deal in what Mr. McGowan 
said; his plea is similar to that contained in this morning’s report 
by the educational committee. It is a necessary preliminary to 
have such discussion as we have had among engineers, in 
order to arouse sufficient interest to do what Mr. McGowan has 
asked. His plea was made with reference to a specific act. Let 
me broaden it. If each one of the eleven thousand members of 
these two societies will use his influence in his local community, 
to get in touch with the school authorities—get himself appointed 
to some committee or otherwise place himself where he can be of 
service—he can, or the eleven thousand members can, do much to 
raise the efficiency, improve the happiness, and remove the dis¬ 
content that seems to be growing among the hand laborers of 
this nation. If the Transactions containing the discussion of 
this morning persuade only five hundred of the eleven thousand 
members scattered out over the country, who are now inactive in 
educational matters, to engage in the movement under'discus¬ 
sion, this meeting will have been well worth while. It will have 
been the incentive to cause men of intelligence in our industries 
to become more active in doing what Mr. McGowan suggests; 
that is, going actively and practically into the machinery of the 
state to help develop our people in a proper manner. I say to 
the electrical convention here assembled and to the American 
Institute as a whole, that I believe there is no other way in which 
the electrical industries can be so rapidly improved, as by prop- 
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erly solving this very question, which we are discussing this 
mominv, with reference to producing the greatest efficiency m 
our young people. There is apparently no specific answer re¬ 
quired to any of the other discussions of this morning, as the 
papers presented were really not under discussion, but rather the 

Harry Barker (communicated after adjournment): Professor 
Williston has pointed out the vital necessity of securing the 
proper boys for the various vocational school courses and the diiti- 
culty that such schools have in selecting from the candidates 

^ It ought not to be necessary for the vocational school instruct¬ 
ors to have to step out of their true sphere to do this work. 
Thev cannot hope to have the available time or the data and 
information at hand to make the wisest selections. They nee 
not perform this unwilling function if the cooperation which Mr. 
McClellan and others have spoken of, is secured with the pres¬ 
ent public school systems. The organization of vocational 
°u.idance based on the boy’s manifest aptitude, on his environ¬ 
ment and heredity, and based somewhat on a psychological 
study also, has advanced to such a stage that it is a necessary 
link between the existing graded schools and vocational courses. 
The work has risen to its highest development, so far, m_ voca¬ 
tional bureas such as found in Boston. Trained and experienced 
men now find out what work or study the various pupils seem 
best fitted for and how far they seem capable of progressing; the 
counselors advise what paths pupils may well follow and what ends 
they should aspire to, and finally keep track of them for a greater 
or less number of years, to see that they do not stagnate either 
from inherent tendency or outside influence. 

While this work has been carried out to the greatest extent 
with bureau organization, there is much of the work within 
the ability of the grammar and high-school teachers and even 
such modest beginnings are better than waiting for the organ¬ 
ization of a completely equipped bureau. Indeed the_ largest 
success will be greatly hastened by an early start. This func¬ 
tion, moreover, is one very properly tied in with the work of the 
local superintendent of schools, acting as the general adviser 
of other teachers -who are striving to make some safe beginnings 
at vocational guidance, and as the collector of information about 
local industries and opportunities. 

There is not time here to describe the work in detail; it can be 
studied, however, by those interested. In reaching out for co¬ 
operation with state boards and local educational authorities, 
this is a chance for immediate effort and practical benefits, not 
to be neglected. Where there is a vocational school, it is a neces¬ 
sity for efficient w-ork; where there are no vocational courses, it is 
of the greatest possible good in preventing misfits. Once under¬ 
taken, it will lead logically to such vocational courses as are best 
suited to the local situation. 


.4 paper presented at the 29th Annual Con¬ 
vention of the American Institute of Electrical 
Engineers, Boston, Mass., June 27, 1912. 
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THE WIRING OF LARGE BUILDINGS FOR 
TELEPHONE SERVICE 


BY FREDERICK L. RHODES 


In modern office buildings, hotels and apartment houses large 
numbers of telephones are required. It would be inconvenient 
and impracticable to run a pair of wires through one of these 
large buildings each time a telephone is installed, in order to 
establish connection with the outside wire plant of the telephone 
system, as is ordinarily done when telephones are installed in 
residences or small business buildings. To overcome this diffi¬ 
culty, when the plans are prepared for an office building, hotel 
or apartment house, a forecast should be made of the probable 
future requirements of the building as a whole for telephone 
service, and facilities provided for a certain amount of cabling 
with the necessary terminals and subsidiary wiring. All large 
cities contain many buildings that are cabled and wired for tele¬ 
phone service according to a comprehensive plan, and, of the 
smaller places, there are few that do not have some buildings of a 
character requiring more or less provision of this kind. 

Building Plans Should Include Provision for Telephone Wiring. 
Owing to the type of building construction generally employed, 
and the large number of telephones to be served, unless suitable 
facilities are provided in advance for accommodating the cables 
and wires, and for running them through the walls and floors, 
the work will either be unsightly in spite of all precautions to 
the contrary, or expensive and costly alterations will be 
required after the completion of the building to enable the wires 
to be effectively concealed. 

It is therefore of prime importance to owners and architects 
that, in preparing plans and specifications for office buildings, 
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hotels or apartment houses, suitable arrangements should be 
made for such telephone wiring and terminal boxes as the 
character and use of the building will demand. As every large 
building to a certain extent presents problems of its own, advan¬ 
tageous and economical arrangements can frequently be sug¬ 
gested by those who are specially familiar with work of this 
kind. It is to the advantage of telephone companies as well as 
building owners to have adequate facilities provided for the 
cables and wires, and telephone companies are glad to place 
their experience freely at the disposal of those who are planning 
the erection of buildings that require special provisions to be 
made. It is now the general custom for architects to send for 
the telephone company’s experts in these matters to give them 
such information as they need to plan this work in the best way. 

Classification of Buildings. In the following pages are des¬ 
cribed the general methods that have proved satisfactory for 
wiring buildings for telephone service. From this standpoint 
buildings may be divided into two classes: 

1. Office and loft buildings. 

2. Hotels and apartment houses. 

The conditions that make a broad distinction between the 
tw T o classes are these: In office and loft buildings the telephones 
do not remain fixed either in number or location for any extended 
period, varying with the requirements of the individual tenants, 
who will use more or less of the telephone service according to 
their respective kinds of business. In hotels and apartment 
houses the number of telephones is fairly definitely fixed, being 
almost invariably one for each room in a hotel and one or two 
for each apartment in an apartment house. 

The office or loft building requires a permanent cable system 
supplemented by a multitude of branches consisting of pairs 
of wires wfliose function it is to connect the individual telephones 
or private branch exchange switchboards with the permanent 
cable system. This permanent backbone of cable extends upward 
from the basement, branching out and terminating at suitable 
distributing points on the several floors. These distributing 
points or cable terminals .must be sufficiently numerous and so 
located that the changing requirements of the tenants can readily 
be met by running individual pairs of wires as needed to connect 
the telephones with these terminals. 

It is, therefore, apparent that an office building must have a 
more comprehensive and flexible system of wiring than a hotel 
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or apartment house on account of the different character of the 
telephone service required. In the office building only a portion 
of the wiring system is permanent. In a hotel or apartment 
house practically all of the wiring is permanent. 

Office Buildings 

General Scheme of Wiring . In large office buildings one or 
more cables from the nearest telephone central office are brought 
to some convenient point, usually in the basement of the building. 
At this point the house cable system begins. A main terminal 
box (Fig. 1) is furnished and placed by the telephone company 
at this point so that cross-connections can be made as required 
between pairs in the house cables and pairs in the central office 
cables. 

These main terminal boxes in the case of large buildings are 
necessarily somewhat bulky and the question of the size of the 
box that will be needed in any particular case may well be taken 
up with the telephone company by the architect or. builder in 
order that sufficient space for it can be provided in a convenient 
and appropriate location at the foot of the riser shaft or conduit, 
as the case may be. A dry, clean and accessible place should be 
selected. In some sections of the country, where buildings are 
in localities subject to floods, it will be well to provide space 
above the basement so that the telephone service will not be 
interrupted due to water getting into the basement. 

From the main terminal box one or more riser cables are run 
to the top of the building. The riser cables gradually diminish 
in size as they extend up through the building. From the riser 
cables, subsidiary or branch cables of proper size are taken to 
distributing centers on the several floors. The locations of these 
centers should be chosen so as to admit of the shortest practicable 
wire runs to the offices, without making objectionable work 
necessary to conceal the wires. 

Each subsidiary cable ends in a subsidiary terminal box, the 
purpose of which is to enable connections to be made readily 
between the cable and the individual pairs of wires that are run 
to each telephone. These subsidiary terminal boxes, when placed 
by the telephone company, are fastened against the walls of 
corridors near the ceiling and constitute the ends of the permanent 
wire system. Not infrequently the owner of the building desires 
to own the subsidiary terminal boxes in order that he may provide 
recesses for these boxes, and small doors to match the trim of 
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the building so that the boxes will be concealed from view. 
^here the boxes are built into the walls it is important that they 
should be of ample capacity, on account of the trouble and expense 
that would result if they should prove inadequate and have to 
be replaced. It is customary to allow a greater margin for 
growth where the boxes are built in than where they are merely 


WIRES TO 
TELEPHONES 




Fig. 2— Subsidiary Terminal Box—15 Pairs. 


fastened against the wall. Where a conduit system has been 
installed on the various floors for the purpose of distributing 
wires to each office, the subsidiary terminals are located at the 
centers of the conduit system. Fig. 2 shows a subsidiary ter¬ 
minal box, recessed in a corridor wall, under the molding, and 
also a subsidiary box placed against the wall under the molding. 
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Fig. 1—Main Terminal Box, Capacity for Terminating [Rhodes] 
312 Pairs of Wires. 

The sliding door is removed to show the cross-connecting wires between pairs in the feeder 
cable" and the house cable. 
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Forecasting the Number of Telephones. In forecasting the num- 
ber of telephones that will probably be required in an office 
or loft building, the principal factors to be taken into account are 
the renting floor area ” of the building and the character of 
the business district in which it is situated, with special reference 
to its proximity to railway terminals, important streets and busi¬ 
ness centers. 

Buildings in the financial district of a city ordinarily demand 
more telephones per unit of floor area than do buildings located 
in the commercial districts. In computing the “ renting floor 
area, ’ only the office floor space is considered; hallways, elevator 
shafts and light wells are omitted. In all cases a safe margin 
for growth must be allowed. The following table shows rough 
average figures for telephonic density in office and loft buildings, 
based on a large number of cases: 


Kind of building 

Character of district 

Pairs of telephone wires 
per 1000 sq. ft. 
of renting area 

Office 

Financial 

4 to 5 

Office 

Commercial 

2i to 3§ 

Loft 

Commercial 

1 to 2 


Size of Riser Cables. By basing the size of the riser cables 
on the renting area and the expected telephonic density as influ¬ 
enced by the character of the locality (checking this by a study 
of the probable number of offices and the requirements of pro¬ 
spective tenants), the cable system for any office or loft building 
may be planned with reasonable assurance that provision will 
be made for the maximum service required. On account of 
the requirements for battery feed wires and ringing current for 
private branch exchanges, the riser cables necessarily contain 
more pairs than do the cables that run from the building to 
the telephone central office. 

Shafts or Conduits for Riser Cables. In buildings over 12 
stories in height or in buildings of less height, where large riser 
cables are required, it is preferable to place the riser cables in 
suitable shafts rather than in conduits, as the advantage of 
having the cable protected by conduits is offset by the difficulty 
of installing and properly fastening the large cables in the con¬ 
duits and making large complicated splices in the junction boxes 
that are required with a conduit system. 
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If properly installed, a conduit system is the best equipment 
for buildings less than 12 stories in height where small cables 
are to be placed, as the cables are effectually protected against 
injury. It is important, however, to remember that the success 
of a conduit system for installing vertical cables depends entire! y 
on a perfect installation. The conduits must be of proper size 
and if possible free from bends. If bends are absolutely neces¬ 
sary, they should be made with a radius not less than three feet. 
The junction boxes at splicing points must be at least two feet 
square and the conduits must enter the boxes adjacent to a side 
in order that the cable may be bent and placed in a horizontal 
position for splicing. 

Cable Shafts. Cable shafts should extend from the basement 
of the building to the top floor and should be easily accessible 
at each floor for the placing and splicing of the cables. Usually 
the shaft can best be located in a corridor partition, or in the 
wall of some public space leading out from the corridor, so that 
an opening can be made into the shaft from the corridor and 
covered with removable paneling or doors. 

It is desirable to have a separate shaft for telephone cables 
and wires, as the placing of steam, water or gas pipes and light 
and power wires in the same shaft with the telephone cables 
renders the latter liable to injuries that may result in inter¬ 
rupting the telephone service. 

hnderground Cable EntYance to Building. Repairing base¬ 
ment walls and their waterproofing, due to the necessity for 
cutting through them, can be avoided if architects will specify 
a three-inch iron pipe sleeve for each ultimate underground cable 
entering the building, these sleeves extending through the wall 
at the point of entrance. The location of the point of entrance 
should be taken up with the telephone company in order that it 
may suitably fit in with the underground conduit system outside 
the building. 

Junction Boxes. Riser cables ordinarily diminish in size as 
they go up the budding. When a building is provided with 
conduits for both riser and subsidiary cables the conduit may 
diminish in size in the vertical section in the same relative manner 
as it is proposed to diminish the riser cable. Where a separate 
conduit is installed for each subsidiary cable a splice is required 
between the subsidiary and the main cable and a junction box 
is required wherever one of these splices must occur. These 
boxes should be approximately 24 inches square by five inches 



1912] 


RHODES: TELEPHONE WIRING 


1373 


deep (inside dimensions) in order to enable the splices to be 
properly made and stowed away. In a system of this kind the 
subsidiary cables and the sections of the riser cable between 
floors are run separately and spliced in the junction boxes. 

Terminal Boxes. The terminal boxes in which the subsidiary 
cables end must be large enough to accommodate the necessary 
connecting blocks. In most cases, boxes 18 inches square by 
five inches deep (inside dimensions) are sufficiently large. These 
boxes. are installed on each floor as near the wiring center as 
possible, and where there is a conduit system on the floor, 
they are connected with each office by a 5/8-inch or 3/4-inch 
conduit which ends in the office at an outlet located either at the 
baseboard or the molding. Outlets should be located at the 
baseboard when it is of wood. If the baseboard is of metal or 
marble the outlet should be located at the molding. 

In many cases owners of buildings do not desire to install 
conduits from the subsidiary boxes on each floor to every office. 
By providing suitable moldings, properly arranged to carry the 
individual pairs between the subsidiary boxes and the offices, 
wiring that is practically concealed can be done without the 
expense of conduits, and as the wiring is permanent only as 
far as the subsidiary boxes, the system is flexible enough to allow 
a suitable distribution of cable wires among the various rooms on 
a floor. 

Where this plan of wiring is employed the subsidiary* boxes 
may be made smaller than where individual conduits to the 
rooms are installed. The following table shows the outside 
dimensions of the present standard sizes of subsidiary boxes: 


Number of pairs of wires 
terminated in box 

Height of box in 
inches 

Width of box in 
inches 

Depth of box in 
inches 

Regular 

10 

Extra 

1 

m 

6i 

2f 

15 

1 

16 

6| 

2f 

20 

1 

21 

6* 

21 

30 

2 

16 

12 

2f 

40 

2 

21 

121 

2| 


Fig. 2 shows a front elevation and section of one of these boxes. 
The equipment consists of a connecting block strip and a form 
or fanning strip. The connecting block is of insulating material 
and carries a pair of binding posts for each pair of cable wires to 






13* 4 


RHODES: TELEPHONE WIRING 


[June 27 


be terminated in the box. The form strip is of wood and serves 
merely as a guide to preserve an orderly arrangement for the 
individual twisted pairs that run from the telephone to the box. 
These twisted pairs pass through holes in the form strip and are 
secured under the nuts and washers of the binding posts, as are 
also the wires of the cable. 

Cross-Connecting Boxes . Where a private branch exchange 
switchboard is to be installed, a cross-connecting box will be 
required. The wiring center in a case of this kind is at the cross- 
connecting box and not at the private branch exchange switch¬ 
board. 

Use of Moldmgs. As shown in Fig. 2, the subsidiary boxes 



Fig. 3—Cross-Section* of Partition Showing Hall Molding, 
Room Molding and Partition Conduit. 

are placed near the ceiling and wide shell molding, Fig. 3, should 
be provided in the halls for carrying the paired wires from the 
subsidiary ooxes to the rooms. A smaller molding should also 
be provided in the individual rooms for carrying the wires to 
the particular locations desired. The space for the wires at the 
tops of these moldings should not be enclosed but should be lef-t 
open. . The object is to provide a continuous trough from each 
subsidiary box, reaching out to every room that is to be fed from 
it. Fig. 3 illustrates a section of one of these moldings. 

Where it is necessary to make a concealed run across the ceiling 
of a hall, m order to avoid carrying exposed wires across the 
finished ceiling or to obviate making a circuitous run around the 
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hall to reach rooms on the opposite side from the subsidiary 
box, conduit should be laid in the ceiling before the plastering 
is completed, to enable a small cable to be carried across the hall 
to provide for such lines. (Fig. 4.) 

Where the wires enter a room from a hall molding, a piece 
of 3/4-inch conduit should be .placed in the partition to enable 
the wires to be carried through it from the molding in the hall 
to the molding in the room. This avoids the necessity for drilling 
holes through the partition after the building is completed, which 
would be likely to result in damaging the finished wall. The 
conduit should either be lined with insulating material or the 
sharp edges around the inside of the pipe should be rounded off. 
(Fig. 3.) 



Fig. 4—Method of Placing Iron Conduit across Ceiling, of 

Hall. 

Kind of Cable, Paper-insulated lead-covered cables, such as 
are used by telephone companies in their outside plant, are the 
most desirable for use in building work. These cables are smaller 
andless costly for the same number of wires than cables of rubber- 
insulated wires. With this type of cable all of the terminals must 
be made with lead-covered silk and cotton-insulated cable, boiled 
out in beeswax or approved compound, and carefully shellaced, 
as the paper insulation will not stand handling if exposed, and 
moisture must be prevented from entering the paper-insulated 
cable. Should the terminal of necessity be in a particularly 
damp location it must be made with rubber-covered wires. 
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General Arrangement of Riser and Subsidiary Cables. From 
what has already been said it will be seen that the general 
arrangement of riser and subsidiary cables is practically .the 
same, irrespective of whether conduits or shafts and moldings 

are provided. . 

The splicing of the subsidiary cables for each floor to the riser 

cable is usually done so that a given pair of wires in. the riser 
cable is available for use on more than one floor. This is termed 
“ bridging ” the conductors and furnishes a multiple system of 
distribution. By this means the flexibility of the system is 
increased and fewer spare pairs need be provided in the riser 
cable than would be required if there were no multipling. 
From records of a large number of house cable systems it has 
been found that by bridging about two-thirds of the pairs in the 
riser cable at the subsidiary branches the most advantageous 
balancing of facilities is obtained. If less bridging is done it often 
happens that many of the subsidiary cables become congested 
before the riser cable. Owing to the use of standard size cable it 
is frequently necessary to make either risers or subsidiaries some¬ 
what larger than the exact number indicated by the density 
study. The use of such cables may cause the proportion of 
bridging to vary from one-half to three-quarters. 

In splicing the subsidiary cables to the riser cable in buildings 
of moderate size, it is not economical to open the large riser 
cable on each floor. In such cases, the plan followed is to take out 
from the riser cable at one floor the small subsidiary cables for 
several floors and to carry them from that point up or down to 
their respective floors. 

Methods of Installation. If the riser cable is placed in a shaft 
the main cable and its subsidiary branches are often spliced 
together on the roof of the building or in some upper story and 
then lowered into place. In some cases the splicing is done in 
the telephone company’s shop and the cable shipped to the 
building ready to be installed. 

For suppor ting the cable a steel strand is used. Two or three 
wraps of iron wire are made about the cable at frequent intervals 
and these are attached to the strand by separating the individual 
wires of the latter and passing the tie wires through the inter¬ 
stices of the strand. If the subsidiary cables are more than 
about 30 feet in length only a short section of each is spliced to 
the riser cable before lowering. In this case the subsidiary 
branches are run and spliced to these stubs after the riser is 
put in place. 
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Special Conduit Work . In the methods above described the 
facilities provide for locating the telephones on or near walls or 
partitions, as this is the most common location. It can sometimes 
be foreseen by owners or architects that telephones will be 
required at some distance from a wall or partition, as would be the 
case with a desk placed in the center of the room. Where an 
arrangement of this kind is desired the owner should provide 
a duct in the floor extending from the location of the telephone 
to the picture molding on the wall or to some other place easily 
accessible for wiring. A duct of this kind should end at the floor 
in a floor box covered with a flush plate. 

It sometimes happens, particularly in buildings used by large 
corporations or firms, that entire undivided floors are occupied 
by large numbers of desks. Telephone service is frequently 
required at all, or a large part of these desks, and the locations 
and arrangement of the desks on che floor may from time to time 
be changed. The floors of these buildings are often of fire¬ 
proof construction. To meet a situation of this kind adequately 
it is necessary to be able to carry individual pairs of concealed 
wires to desks placed at any points on the floor, so that great 
difficulty and expense would be encountered in providing con¬ 
cealed wiring if suitable facilities admitting of the utmost 
flexibility were not provided in advance. 

The best method of doing this is to carry branches from the 
riser cable in conduits to convenient building piers, placing 
subsidiary junction boxes at the bases of these piers. The entire 
floor is then provided with small floor outlets placed at the cor¬ 
ners of squares about eight feet apart, each outlet being connected 
by conduit in the floor with the nearest subsidiary junction box 
at a building pier. Where the floors are not of fireproof construc¬ 
tion, the individual pairs of wires are run in small channels 
grooved out of the floor beams on their upper surface. The loca¬ 
tions of these channels should be accurately marked above the 
finished floors. Small brass nails are convenient for this purpose. 
When a telephone is required at a desk the flooring over the 
nearest channel is cut through, thus establishing a connection 
through the channel with a subsidiary terminal, conveniently 
placed, the wires being fished through the channel in the ordinary 
manner. 

Arrangement of Conductors to Insure Flexibility in Operating 
the System. In order that the main terminal box may be as 
small as practicable the number of cross-connections to be made 
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in it should be kept at a minimum. This is also important from 
maintenance considerations. To enable this to be done the 
method of distribution is arranged in a . similar manner to that 
employed in other portions of the telephone plant. A certain 
number of pairs of wires in the riser cable are directly connected 
to the cable entering the building from the telephone exchange. 
These connections are made in a lead-covered splice and the 
pairs of wires thus spliced directly through do not appear in the 
main terminal box. 

Certain other pairs in the riser cable are brought to terminals 
in the main terminal box. The remainder of the pairs in the riser 
cable are directly spliced to pairs in the exchange cable and these 
same pairs are also brought out by means of a branch splice to 
terminals in the main terminal box. If there are any extra pairs 
in the exchange cable that are not directly spliced to pairs in the 
riser cable they also are terminated in the main terminal box. 

This arrangement, if the pairs have been skilfully distributed, 
permits of great flexibility and reduces to a minimum the 
number of cross-connections required in the main terminal box. 
The pairs that are connected straight through from the exchange 
cable to the riser cable without appearing in the main terminal 
box are used for the direct line telephones in the building and 
for private branch exchange trunk lines. The pairs of the 
exchange cable that appear in both the main terminal box and 
the riser may be used, first at the various floor boxes in the event 
of the congestion of the direct exchange pairs that appear in these 
boxes, and second in the main terminal box for battery and gen¬ 
erator circuits and for overflow of business, due to erratic 
growth in lines on the various floors in the building, by cross¬ 
connecting to the ho^se cable conductors extending to these 
floors. House cable pairs terminating in the main terminal 
box are used for private lines and miscellaneous circuits and for 
providing battery and generator circuits between the box and 
the various private branch exchanges by cross-connecting to the 
exchange cable in the main box. 

Examples of Office Building Wiring 

The Hudson Terminal Buildings in New York City, extending 
from Cortlandt to Fulton Streets, one block west from Broadway, 
afford an example of the facilities required for telephone service 
in the case of office buildings of the largest size. The two Ter¬ 
minal buildings are treated as a unit so far as the telephone wiring 
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is concerned. Together they contain nearly a million square 
feet of renting area and at the present time have about 3000 
telephones. These data, with Fig. 5, Plate LXXIV, a perspec¬ 
tive view of the buildings, will indicate the magnitude of the 
wiring problem. 

The cabling and wiring of these buildings is illustrated by the 
following figures: 

Fig. 6 is an elevation of the riser cables, showing the con¬ 
nections with the exchange cables and the general arrangement 
of the branch cables to each floor. Fig. 7 is a detail elevation 
showing typical “ multipling ” of the branches from the risers to 
the floors and of the subsidiary cables on the floor. Fig. 8 is a 
typical floor plan showing the locations of the riser cables, the 
floor cables, the floor terminals and the wire runs in the hall 
moldings to each office. 

At the present time there are three 606-pair underground 
cables extending from the telephone central office to these build¬ 
ings. The central office cables are spliced to the house cables 
near the main terminal. About 16 per cent of the pairs in the 
central office cables are connected directly to pairs in the riser 
cables that do not terminate at the main frame terminal of the 
buildings. The remaining 84 per cent of the pairs in the central 
office cables are bridged to pairs in the riser cables which also 
appear at the main frame terminal. All pairs from the central 
office cables that are directly connected to house cable pairs are 
marked D F . All pairs from the central office cables that are 
connected to house cable pairs that also appear at the main 
frame terminal are marked F. The balance of the pairs in the 
house cables (marked II) have no connection with pairs in the 
central office cables except by cross-connection at the main build¬ 
ing terminal, where they may be connected as desired to pairs in 
the central office cables that are also bridged to riser cable pairs. 

As new cables to the central office are added to meet the 
demand for additional telephone service in these buildings, the 
existing central office cable requiring relief will be left directly 
connected to the riser cable system and the bridged pairs will 
be transferred to the new cable. 

The riser cables, of which there are five in all, are located in 
cable shafts beside the elevator shafts, Fig. 8. On each normal 
floor are provided conduits extending from the cable shaft to 
each of the five subsidiary terminals on that floor. In Fig. 8 
these conduits and the subsidiary terminals are shown by solid 
lines. Broken lines represent the runs of individual twisted 
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pairs of wires in moldings - from the subsidiary floor terminals 
to each office on the floor. 

On account of its complexity, the entire scheme of multiple 



Detailed distribution of cable pairs on the 5th to 15th floors, inclusive, in Cortlandt 

Street Building. 

distribution for these buildings is not shown in full detail. The 
principles are, however, illustrated in Fig. 7, which shows the 
complete lay-out of the distributing cables branching from two 
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points of the riser cable system of the southernmost (Cortlandt) 
building and feeding from the fifth to the fifteenth floors, inclu¬ 
sive. The distribution for the fifth to eighth floors inclusive 
represents one of the simplest cases in these buildings. That for 
the ninth to fifteenth floors is one of the most complicated, due to 
the special demands brought about by certain private branch 
exchange requirements. 

In portions of these buildings, on account of private branch 



Fig. S—Terminal Buildings—Typical Floor Plan in Cortlandt 

Building. 


exchanges, some of the floor distributing branches from the riser 
cables that would be needed to supply individual tenants, are 
not required at the present time. Stubs containing the cable 
pairs that would normally appear on these floors are, hoivever, 
provided and left in the cable shaft so that, merely by splicing 
subsidiary cables to these stubs, service on these floors of a 
different character could readily be established if changed office 
conditions should render this necessary. 

The requirements for telephone service in these buildings are 
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so large that a main distributing frame is installed to act as the 
main building terminal. This frame serves the same purpose 
as the terminal box equipment shown in Fig. 1, namely to enable 
the pairs from the central office cables to end in a compact series 
of terminal lugs, and the pairs from the house cables in another 
series of terminal lugs; the lugs being so arranged that, by short 
lengths of twisted pair wire, cross connection can readily be made 
between any pair brought to the frame from the central office 
cables, and any pair brought from the house cables. This 
permits great flexibility of distribution. In the “ multipling ” 
diagrams, Figs. 6 and 7, the numbering of the pairs in the house 
cable system is on the basis of two groups. All feeder pairs in 
the house cable system, whether directly spliced to pairs in the 
central office cables and not appearing at the main terminal, or 
bridged to pairs in the central office cables and also appearing 
at the main terminal, are numbered from one up and designated 
either DF for direct feeder or F for bridged feeder pairs. 

All pairs in the house cable system that terminate at the main 
terminal without being directly connected or bridged to the 
central office cables are numbered as a separate group from one 
up and are designated H for house pairs. 

Eleven-Story Store and Office Building. This building is 
chosen as an example of a complete conduit installation. Fig. 
9 is a plan of one of the office floors and Fig. 10 shows elevations 
of the conduit system and the cable system. The diameters 
of the conduits are indicated in order to show how the conduits 
decrease in size with the cables as they rise up through the 
building. 

Owing to the lower portion of this building being arranged 
for stores, the office distribution on certain of the riser cables 
does not begin until the sixth floor is reached. 

Loft Buildings 

Conduits for wires or cables are rarely provided in loft build¬ 
ings. The riser cables are placed in shafts and the wires are 
distributed on each floor along the baseboards. The wire center 
on each floor is usually at the baseboard near the passenger 
elevator shaft. Although this arrangement is undesirable in 
many cases, it is difficult, on account of the floors being undivided 
and the locations of the telephones not being known until the 
premises are occupied, to make any provision in advance for 
distributing the wires. A system of conduits and floor boxes 
would be expensive and is not considered necessary. 
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Where one firm occupies the entire loft building*, tlic size 
of the riser cable is determined entirely by the equipment of the 
private branch exchange switchboard and the probable future 
requirements of the firm as to telephone service. In a ea.se of 
this kind the center of the wire system is at a cross-connecting 
box located close to the private branch exchange switchboard. 

A modification of the method of distribution already described 
for office buildings is usually employed in loft buildings. The 
riser cable is divided into two parts termed “ bridged feeder ” 


RENTING AREA 1ST.TOUTH FLOORS INCLUSIVE 200,000 SO. FT. 



. J 


Fig. 9—11-Story Office Building, Typical Floor I 


la N, 


and “house cable.” The house cable pairs are terminated 
m the main terminal box near the foot of the riser, and tin- 
bridged feeder pairs are directly connected to pairs in flu- ex¬ 
change cable and also by a branch splice are terminated in the 
main terminal box. 

Example of Loft Building Wiring. Fig. 11 shows the Hoc>r plan 
and cable distribution of a twelve-story loft building. It will 
be noted that the arrangement of pairs does not agree with the 
preceding statement that in loft buildings the riser cable is 
divided only into bridged feeder and house cable groups. This 
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/■ • *=PR|VATE BRANCH EXCHANGE SWITCHBOARD 

F = FEEDER CABLE PAIRS 
H= HOUSE CABLE PAIRS 


D = DEAD PAIRS 

P. l.= private line inside building 

B.F.—BRIDGED FEEDER PAIRS 
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Pig, 10—11-Story Office Building, Conduit System and Cable 

Distribution. 
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diagram shows, in addition to these groups, certain direct feeder 
pairs. The reason is that it is expected that this particular loft 
building will sooner or later be partitioned off for office use, 
and this condition has been anticipated in planning the cable dis¬ 
tribution. 

Hotels and Apartment Buildings 
General Scheme of Wiring. The telephone systems for hotels 
and apartment buildings differ from those for office and loft 
buildings in one important respect. Hotels and apartment 
buildings can be wired in advance on a permanent basis on ac¬ 
count of the probability that there will be no essential change in 
the number of wires needed, the ultimate requirements being 



closely determined by the number of rooms or apartments. 
The locations for the telephones in the various apartments or 
rooms are also generally permanent and the relative locations 
of the telephones are the same on each floor. 

The telephone system installed in these buildings consists of 
a private branch exchange switchboard located at some con¬ 
venient point, usually on the ground floor. In hotels this private 
branch exchange switchboard is placed in or near the office. 
Telephones are installed in each room or apartment and wired 
to this switchboard. The latter is connected by the necessary 
number of trunk lines with the nearest central office of the tele¬ 
phone company. 








1912] 


RHODES: TELEPHONE WIRING 


1387 


The wiring problem is simple in comparison with that in office 
buildings. It consists of running a pair of wires from the tele¬ 
phone location in each room or apartment to a common center 
in the cross-connecting box near the private branch exchange 
switchboard. It is important to make provision so that the 
telephone company can run its wires from the cross-connecting 
box of the private branch exchange switchboard to some point 
in the basement where connection can be made to the central 
office cable. The latter cable is generally not run in conduit but 
is clamped to the ceiling of the basement. 

Subsidiary Conduit . Conduits for distributing wires on floors 
in hotels or apartment buildings should not ordinarily be over 
50 feet in length nor should they have more than three bends 
with a minimum radius of five inches. Any conduit 100 feet in 
length should npt be less than one inch in diameter: 5/8-inch 
conduit should be provided for a maximum of two pairs of wires 
and 3/4-inch conduit should be provided for a maximum of four 
pairs of wires. For more than four pairs of wares it is preferable 
to run cable. 

Hotels. In laying out the wiring system for hotels, in addition 
to one pair of wires for each room, as mentioned above, provision 
has ordinarily to be made for a small percentage of spares to 
provide for defective pairs and for a few direct lines. 

From the wire center at the cross-connecting box near the 
private branch exchange switchboard a cable is extended through 
the basement or sub-basement to the foot of the riser shaft. The 
riser cable extends up this shaft as a diminishing cable with sub¬ 
sidiary terminals located at convenient points on each floor for 
reaching the various rooms. The wires are distributed on the 
floors either by molding or through conduits, as the case may be. 
In many of the modern hotel buildings complete conduit systems 
are provided for concealing the telephone wires and cables. In 
such cases the vertical conduits are installed at some central 
point and junction boxes are provided on each floor for splicing 
and terminating cables. From the junction boxes separate 5/8- 
inch conduits are extended to each room. The outlets in the 
rooms should be located four feet 10 inches above the finished 
floor for wall sets, this having been found by wide experience to 
be the most satisfactory height at which to place the telephone. 
For desk stands the outlets should be at the baseboard near the 
proposed location of the telephone. Where the floor area and 
the number of rooms are large it is often economical to have more 
than one terrain al^box on a floor. 
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Examples of Hotel Wiring 

18-Story Hotel. Fig. 12 shows the floor plan of this hotel with 
the locations of the riser cables and the individual telephones 
in each room. The separate conduit runs from the riser termi¬ 
nals to the rooms are not shown in order to avoid confusion on 
the drawing. Fig. 13 shows elevations of the riser cables with 
the branches at each floor. 

In this installation the riser cables (five in number) are placed 
in shafts and the wire distribution on each floor is in separate 
conduits to each room. It will be noted that no feeder pairs are 
provided in the riser cables. 

1 7-Story Hotel. This is a complete conduit installation. 

KEY 

Sl=HALL TERMINAL BOX AT CABLE RISER SHAFT 
G ^TELEPHONE INSTRUMENTS ' 

note:- A SEPARATE %» PIPE 



Fig. 14 shows the riser cable terminal boxes and individual 
telephone locations on a typical floor. Fig. 15 gives the eleva¬ 
tion of the house cable system. This hotel has an apartment 
section which is cared for by the north riser cable. This section 
of the house has its separate switchboard. The other two riser 
cables feed the hotel portion of the house. 

Elevator Apartments 

Elevator apartment buildings are generally wired on the 
basis of two telephones to an apartment, one connecting to the 
private branch exchange switchboard and the other, when 
desired, directly to the central office of the telephone company. 
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In most of the high-class elevator apartment buildings it is 
the practise of owners and architects to provide conduits for 
concealing the telephone wires and cables. In some cases a 
vertical shaft is provided instead of vertical conduit. 


N.W. SHAFT S.W. SHAFT CENTER SHAFT 6.E. SHAFT N.E. SHAFT 



Where the floor space occupied by each apartment is small 
and the horizontal runs on each floor are short a riser or dimin¬ 
ishing house cable is placed. This cable is extended up through 
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the building in a conduit or a shaft, as the case may be, and 
branches containing a sufficient number of wires to provide two 
pairs for each apartment are terminated in junction boxes located 
at central points on each of the floors. From each junction box 
5/8-inch or 3/4-inch conduits are extended to the location of 
the telephone in each apartment, the outlets being located, as 
in hotels, at the baseboards for desk telephones, and in the wall, 
four feet 10 inches above the finished floor, for wall telephones. 
This arrangement provides a flexible system, as the wires betw T een 
the apartments and the subsidiary branches may be drawn in 
whenever service is required. As the horizontal run of conduit 



Fig. 14—17-Story Combination Hotel and Apartment Building, 
Typical Floor Plan. 


on each floor is comparatively short, the cost of the conduit 
installation is minimized. There is a further opportunity for 
economy in installing conduits from the junction box to the 
apartments, as it is frequently possible to use a single run of 
conduit for two apartments instead of a separate conduit to each. 

In apartment buildings where the floor space occupied by 
each apartment is large, the above arrangement would necessi¬ 
tate long runs of small-size conduit on each floor. In such cases, 
to avoid the excessive cost of this conduit, the wires are usually 
distributed to the apartments by a vertical system of conduits 
extending from the basement up through each tier of apartments. 
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These vertical conduits diminish in size as they approach the 
upper portion of the building, and the outlets in the apartments 
are located in the walls at the points where the telephones are 
to be placed. 

In the basement, cables are extended from the cross-connecting 
box near the private branch exchange switchboard along walls 
and ceilings to the foot of each line of vertical conduits. At 


KEY 

X= PRIVATE BRANCH EXCHANGE SWITCHBOARD 
FaFEEDER CABLE PAIRS 
H® HOUSE CABLE PAIRS 
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CONDUIT SYSTEM CABLE DISTRIBUTION 



Fig. 15—17-Story Combination Hotel and Apartment Building, 
Conduit System and Cable Distribution. 


these points terminals are established with sufficient conductors 
to provide two pairs of wires for each apartment to be cared for 
by the riser. The pairs of wires between these terminals and the 
apartments are pulled into the conduits as the service is required. 

The size of the vertical conduit varies with the number of 
apartments to be served. Generally a conduit two inches in 
diameter in the basement diminishing gradually to 3/4 of an 



1392 


RHODES: TELEPHONE WIRING 


[June 27 


KEY 

• = RISER CABLE 
E^3== TERMINAL BOX 

H“ HOUSE CABLE PAIRS 
F.— FEEDER “ * * 



FLOOR CONDUITS Si TERMINALS 


WEST RISER 

l 1 ' ipp y, | 12TH FLOOR 

EAST RISE 

l%£] 

1^'| 11th FLOOR 



r p y'\ 10TH FLOOR 


^£1 

s 9th FLOOR 

a: 


%£l 

1« ^y!\ I STH FLOOR 
< 

H 

X 


Iglii'l £ 7TH FLOOR 

«) 

dc 

O 

H 

^i£j 

!» g]^| t 8TH FL00R 

i 


1’lglrf, 1 5THFL00R 


^i£| 

X» 4th floor 

FRONT REAR 



^ jgj}/| 3RD FLOOR 


^i£j 

x » 1^1 K| 2nd floor 


i%i] 


THE WIRES .TO EACH REAR APARTMENT 
ARE CARRIED IN CONDUIT WHILE THE 
WIRES TO THE FRONT APARTMENTS 
ARE CARRIED IN MOULDING. 








1912] 


RHODES: TELEPHONE WIRING 


1393 


inch at the upper floor is sufficient to care for buildings 10 to 12 
stories in height, and a conduit 1J inches in diameter in the base¬ 
ment diminishing to 3/4 of an inch at the top for buildings from 
six to 10 stories high. 

The number of vertical lines of conduit depends on the number 


TYPICAL FLOOR PLAN 



CABLE DISTRIBUTION IN BASEMENT 


N,W. N. CENT. N. E. 

DUMBWAITER DUMBWAITER DUMBWAITER 



Fig. 17 —6-Story Non-Elevator Apartment House. 

of apartments on each floor. Usually a separate line of conduits 
is required for each tier of apartments, but it is often possible 
to care for two adjacent apartments on each floor by a single 
line of conduit when .the telephones in both apartments are 
to be placed on the dividing wall between them. This arrange- 




1394 


RHODES: TELEPHONE .WIRING 


[June 27 


ment is, however, open to the objection that installers must 
gain access to one apartment for the purpose of installing the 
telephone in another. In spite of this objection, from the stand¬ 
point of the owner this method is probably the best for buildings 
of this class as it minimizes the cost of installation of conduits and 
is flexible enough to admit of direct lines being installed when 
such service is required. 

Example of Elevator Apartment Building Wiring. Fig. 16 
shows a 12-story elevator apartment building with six apart¬ 
ments to a floor and stores on the front of the first floor. The two 
riser cables are run in the elevator shafts. 

A diagram is given showing the junction boxes on each floor 
and the sizes of the conduits used for distributing the wires on 
each floor. 

Non-Elevator Apartments 

Apartment buildings of the non-elevator class do not as a rule 
exceed five or six stories in height and frequently have as many 
as 10 apartments on each floor. Buildings of this class are wired 
by exten din g lead-covered cables from the cross-connecting box 
n ear the private branch exchange switchboard through the 
basement co the foot of each dumb-waiter shaft where terminals 
are estab lish ed. The terminals are made large enough to provide 
approximately for a direct line and an extension telephone for 
each apartment cared for by the dumb-waiter shaft, when it is 
thought that direct service will be required. The allowance 
made for direct line service depends upon the neighborhood. The 
wires to the various apartments are extended up through the 
dumb-waiter shafts from the terminals in the basement as 
service is required. 

In some cases these buildings are wired in advance by forming 
the wires into a cable and taping the cable to protect it against 
mechanical injury, one or two pairs being brought out at each 
apartment. 

Example of Non-Elevator Apartment Building Wiring. Fig. 17 
illustrates the case of a six-story apartment building having 
eight apartments to a floor. The wiring diagram shows the 
cable distribution in the basement to terminals at the foot of the 
dumb-waiter shafts. 

The author wishes to acknowledge the valuable assistance of 
Mr. E. S. Worden and Mr. W. A. Taylor in preparing the illus¬ 
trative examples of this paper. 
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Discussion on “ The Wiring of Large Buildings for Tele¬ 
phone Service” (Rhodes). Boston, Mass,, June 27,1912. 

Edwin M. Surprise: I noted in reading Mr. Rhodes’s paper, 
that in New York City, at least, and probably in other places 
where very large and tall office buildings are under considera¬ 
tion, the scheme of attenuation is employed; that is, a large 
cable is brought in at the basement and branches taken off 
from that cable at necessary intervals. In our New England 
territory we have leaned a good deal toward the extension 
of small risers, one, two, or more, as may be required, to each 
floor, with the idea that it would result in economy, not only on 
account of the first cost of extending the cables, but also by reason 
of flexibility. 

I am very much interested to get Mr. Rhodes’s opinion re¬ 
garding one method as against the other, of the advantages, 
if there are any, of small risers, and the exact point, if it is pos¬ 
sible to give it, where perhaps small risers would prove best and 
where the large riser would not. 

George K. Manson: Mr. Surprise referred to the question of 
comparative costs, or comparative conditions when the attenua¬ 
tion system proves economical as compared with the small riser 
system, and to supplement Mr. Surprise’s remarks, before Mr. 
Rhodes gives us that information, it may be proper to say a 
little something about the building conditions in Boston that have 
led to the very general adoption of the small riser system in pref¬ 
erence to the attenuation system. 

Mr. Rhodes stated, I think, that tw r elve years ago there were 
very few buildings in New York City which were over twelve 
stories in height, and, to-day, I believe, he said there were 1500 
or more. I believe somewhere in his paper, in reference, per¬ 
haps to the Hudson Terminal buildings, he has spoken of a floor 
space of nearly 2,000,000 sq. ft. Now, we have in Boston, we 
think, a fairly large city, especially if we are allowed to take in 
the suburbs which properly belong to it. In Boston today I 
think I am not mistaken in saying that there is only one building 
which is over twelve stories in height, and that was built before 
the present building laws were in existence. If there are more 
than that, they also were built before the present building ordi¬ 
nance. As to the area, I presume it is very doubtful if there are 
half a dozen buildings in Boston that have, we will say, over ten 
per cent of the total rentable floor space ref erred to in Mr. Rhodes’s 
paper in connection with the Hudson Terminal buildings. . 

The building law in Boston, briefly, is that no building in the 
city shall exceed 125 feet from the average sidewalk height to the 
roof line. If the width of the abutting street is so narrow that 
two and one-half times the width of the abutting street is less 
than 125 feet, then the building must be correspondingly less in 
height, and must not exceed two and a half times the width of 
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the abutting street, and is not to exceed 125 feet as a maximum, 
and in some parts of Boston there are special ordinances that 
restrict the height to even less than that. 

You will see, therefore, that our problem of providing wiring 
for office buildings is a little different from that in New York 
and other cities where the development in terms of lines and per¬ 
haps subscribers may be no greater than the development in 
many of our medium-sized New England cities. It is by reason of 
that fact that in office building wiring we have found it is expedient, 
to a very large extent, to use the single riser system, perhaps one 
cable feeding a single floor, a 30-pair, or a 60-cable, or, perhaps, 
initially, one cable feeding two floors, and later to be tapped in 
such a manner as to supply a cable for each individual floor. I 
cannot quote figures at this moment, and possibly we could not 
back up our position, but I think under these conditions the single 
riser cable has proved economical; at least it is very convenient 
to install, and leads to very efficient results in the use of the main 
cables and in the use of the office cables. I trust Mr. Surprise 
will pardon me for enlarging on his question to that extent. 

There is one other point that I will mention, and that is the 
vast reduction of the fire hazard that has been brought about by 
the modem methods of wiring buildings as compared with the 
older methods. 

F. L. Rhodes: I think that Mr. Manson has, in supple¬ 
menting what Mr. Surprise said, very well pointed out the wide 
range of conditions to be met in work of this kind. In building 
wiring, the reason why it is not the best practise to ran separate 
cables to separate floors is principally a matter of economy, 
both as regards the cable itself and the space occupied. For a 
given number of pairs of wires, the most economical cable is 
secured by placing these all in one sheath. This is true, not 
only as regards the cost of the cable itself, but also true as regards 
the space occupied. One cable of 600 pairs occupies less section, 
and has less cost per pair than 10 cables of 60 pairs each, and these 
conditions of economy, both of cost and space, are intensified 
in the case of tall buildings as compared with the conditions that 
prevail in the case of buildings of comparatively few stories. 
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TUB VIBRATIONS OF TFLFPIlONli DIABIIRAOMS 
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Investigations of tlit* vibrations of telephone diaphragms haw 
been published by Rayleigh, 1 Wien,* Kempt- Hartmann A Taylor, 1 
Gutr' and others, Rayleigh and Wien measured tin.* value of 
the simple harmonic etmv.nl which would just pmduruan audible 
tone in the receiver at different frequencies, They found, that 
at certain frequencies t in* current required was a minimum, and 
Winn concluded that these minima showed tin* existence of 
natural vibrations of tin* diaphragm but realized that the varia¬ 
tion in sensibility of the air with pitch played possibly a harbor 
part in tin* difference of current required at different frequencies 
than tin: natural vibrations themselves, 

Ivempf-Hartmann fastened a mirror on Urn diaphragm of u 
receiver and photographed on a moving film the oscillations of a 
spot of light reflected front, the mirror. By passing direct current 
interrupted about lilff times pur second through the telephone in* 
was able to photog.ra.pli tla* natural oscillations of the diaphragm 
which were, produced at each make ami break, and allowed also 
1 hat when the diaphragm had been given an impulse its reaction 
could be detected after about 1/&HJ0 of a second. 

Taylor has plotted curves showing the connection between 
the least current., producing an audible tune and the frequency* 
his work being, similar to that of Rayleigh and Wien, lie noticed 

1. Rayleigh, "Theory of Sound," h p. 472, 

2. Wien. A nmden d. i*hy%, IV, p. 450, 1001, 

;i, KempMlartiiiaini, Anmdtn d, VIfI, p. 4-SI, 111112, 

4, Taylor. T«\swimks A. I. K, K M 1909, XXVIII. IS. p;»g. tint, 

5* Gati. Mkttndtm, i«XVS, p. 450, 1910, 

mm 
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that as the alternating-current generator from which he obtained 
his current acceleiated or slowed down there were certain fre¬ 
quencies at which the sound from the receiver was very much 
increased, and he plotted rough curves showing this. 

Gati has worked with transmitters. He produced before the 
diaphragm a sound of which the frequency was varied, but the 
amplitude was kept as constant as possible. The transmitter 
was in circuit with a battery and the primary of a transforming 
coil. To the secondary of the coil he connected the capacity 
required to produce electric resonance at each frequency and 
measured the current in the secondary circuit. Plotting curves 
between frequency and current a decided maximum is obtained 
showing resonance at about 700 vibrations per second. 

The mathematical theory of the free oscillations of circular 
membranes and plates has been developed. It shows that the 
nodes are either circles about the centre, or diameters symmetric¬ 
ally distributed 6 , this holding true for plates with either a free 
or a clamped boundary; the boundary of membranes is, of 
course, necessarily fixed. Rayleigh gives the following formula 
for the frequency of the lowest natural vibration of a clamped 
plate. 

= _3.2 2 Vq h 

n 2 ir a 2 Vs p (1 — ju 2 ) W 

where q = Young’s modulus. 
fx — Poisson’s ratio, 
p = volume density. 

2 h = thickness of plate 
a = radius of plate. 

He applied the formula to the case of a receiver diaphragm which 
he measured, and found 991 as the fundamental frequency. No 
experimental verification of this.seems to have been attempted. 

Object 

The present work was undertaken to obtain further and more 
accurate information concerning the way in which the dia¬ 
phragms in the transmitter and receiver vibrate when acted on 
by periodic forces of simple wave form of different frequencies. 
Also to obtain quantitative data on the influence of the free 
periods, and to determine to what degree of approximation the 


6. Rayleigh. “ Theory of Sound,” Vol. I, pp. 331, 366. 
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form of the vibration of the diaphragm follows that of the im¬ 
pressed force. The question of the localization of the nodes and 
loops at the higher resonance frequencies is also interesting, 
but it has thus far evaded solution. 

Work on the Receiver 

Arrangements and Apparatus. The receiver is simpler in 
construction than the transmitter and is therefore more easily 
investigated. With the receiver the problem is to pass through 
it an alternating current of simple wave form, as nearly simple 
harmonic as obtainable, and to record the form of the current, 
and the corresponding oscillation of the diaphragm. The ampli¬ 
tude of the oscillation of the diaphragm for the same current at 
different frequencies, plotted against frequency, would then give 
the resonance curve for the diaphragm. For producing the 
alternating currents two special generators with smooth body 
armatures were used for low frequencies. For the principal 
range a third generator was used. With these three machines 
frequencies from 16~ to 3000 ~ could be attained. The current 
wave form was recorded by a Duddell double high-frequency 
oscillograph, used simultaneously as oscillograph and ammeter. 
An oscillograph of this type has a free period of from 8000 to 
10,000.- It may hardly be relied upon to record with any accuracy 
a wave of over three or four hundred cycles. In the present case, 
however, the current wave is, with a few exceptions, very nearly, 
.pure, and the question of wave form does not enter markedly 
into the results of the work. 

The method adopted for recording the oscillations of the 
diaphragm was as follows: A small fragment of mirror was 
mounted directly on the diaphragm by means of w T ax or cement, 
and its vibrations recorded by a spot of light reflected upon 
a photographic plate. It is easy to mount the mirror rigidly, 
and its mass, which maybe 0.007 of a gram or under, is too 
small to influence the motion of the diaphragm greatly. There 
can further be no doubt that the angular deviation of the mirror 
is the angular deviation of the diaphragm at the point where 
it is mounted. 

Diaphragm A 

The first receiver worked with was one of the ordinary bipolar 
type. Its characteristics were: Total diameter of diaphragm 
5.42 cm. (2.14 in.). Inside diameter of clamping ring in cap 
4.98 cm. (1.96 in.), this being the effective diameter of the dia- 
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phragxn. Thickness of diaphragm with enamel on front face 
0.03 cm. (0.012 in.). Thickness bare at edge 0.023 cm. (0.009 
in.). Distance between pole pieces and plane of clamping ring 
of diaphragm 0.05 cm. (0.02 in.). The air gap between pole 
pieces and diaphragm is less than this as the diaphragm is 
permanently bent imvards by the attraction of the magnet. 
The part of the cap extending over the diaphragm was cut out in 
order to make room for the small mirror which was. fastened on. 
See Fig. 1. The mirror was placed about half way between the 
center and edge. The diaphragm was so oriented over the pole 
pieces that the mirror came on the perpendicular bisector as 
shown in Fig. 2. The receiver was then set up so that the mirror 
came on a horizontal diameter. Pulling in of the diaphragm 
corresponded to a motion to the right of the light spot on the 
photographic plate. 

Some of the photographs obtained for this diaphragm are 



Fig. 1— Cap of Receiver—the Fig. 2— The X Marks the 

Shaded Portion was Cut Away. Position of the Mirror on 

the Diaphragm 

shown in Figs. 3 and 4, with frequencies noted for each set. The 
curves on the left are the oscillograph records of the current 
through the receiver, the number at the side giving its value in 
milliamperes (effective), calculated from a knowledge of the 
sensibility of the oscillograph. The curves on the right are the 
traces from the diaphragm, the accompanying figures giving the 
value of the angular deflection in radians X 10“ 4 , calculated from 
the dimensions of the optical system. As these latter curves are 
unsymmetrical it is impossible to speak of their amplitudes, so 
the total deflection from one extremity of swing to the other is 
given; this quantity will henceforth be referred to as the ‘‘range” 
of the oscillation. The numbers on the extreme right-hand 
side of the figure give the frequencies of the vibration in cycles 
per second. In all of the photographs time proceeds upwards, 
as shown by the arrow. In the first traces a break is noticeable 
about the middle of the vibration, which indicates the rest 
positions of the spots of light. This break was produced by 
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Fig. 3—Receiver Diaphragm A 
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Fig. 4—Receiver Diaphragm A 
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Fig. 5—Receiver Diaphragm B 
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placing a fine wire in the path of the beam of light when there 
was no current, but the wire was soon abolished as it introduced 
unnecessary complications. 

The diaphragm trace for 60 cycles is seen to be somewhat 
unsymmetrical, the curve being pointed on the right, that is, 
when the diaphragm is nearest the pole pieces. At 232 cycles 
for a range of 13.6 the curve is rather unsymmetrical, but for 
a range of 6.7 the irregularity is less marked. At 332^, and 
1292'~ also, the irregularities are seen to be greater for greater 
ranges while for most of the other curves this is not noticeable. 
The development of the dimple in the curve for 332 and 1292 ~ 
at the point where the diaphragm is furthest from the poles is 
rather surprising; it will be seen later that 332 ~ shows a 
peculiarity in another respect. It might be expected from the 
following considerations to find greater regularity in the photo¬ 
graphs for small ranges. 

The force on the diaphragm is proportional to the square of 
the induction. If we consider the induction B as made up of a 
constant part B 0 due to the permanent magnetism, and a variable 
part B u due to the current, we have for the original force 

F 0 — cB , 2 

and for the variable force 

F = cB* = c [B<? + 2Bq B x + BF] (2) 

The increment of the variable force over the original force deter¬ 
mines the motion of the diaphragm. Its value is 

A F = F - F 0 = c [2B 0 B x + BF] 

If B i is sufficiently small we may neglect its square and write 

AF = 2c Bo Bi (3) 

So that, if Bi is made to vary harmonically, A F will do so. In 
the present work the currents have been kept nearly harmonic 
in all cases. The variation in the air gap between the pole pieces 
and the diaphragm would prevent B i from being strictly pro¬ 
portional to the current, but for sufficiently small vibrations 
the influence of the variation in the air gap may be neglected. 

The ranges of all the traces were carefully measured. The 
results obtained for the first diaphragm are plotted in the curves 
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of Figs. 8 , 9, and 10. The abscissas are current through the 
receiver, expressed in milliamperes (effective). The ordinates 
are the angular range of oscillation of the diaphragm, expressed 
in radians X 10~ 4 . Each curve gives the relation between cur¬ 
rent through the receiver and oscillation of the diaphragm at a 
given frequency which is marked beside it. The curves are all 
plotted to the same scale and put in separate figures to avoid 
crowding. They show that an approximately linear relation 




Fig. 8 Relation between Current through the Receiver, 
and Range of Oscillations of the Diaphragm at Different Fre¬ 
quencies. 


exists between the current and deflection of the diaphragm, even 
to the large values of current here used. The sound of the tele¬ 
phone for the greater currents was sufficient to be heard' all over 
the room. 

From each of the curves of Figs. 8, 9, and 10, the angular 
oscillation corresponding to a current of twenty milliamperes, 
at the frequency for which the curve is taken, can be read off. 
In Fig. 11a curve is plotted between the frequency as abscissa, 
an the angular oscillation as ordinate, showing the effect of 
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change of frequency on the angle of oscillation, this being the 
so-called resonance curve for the diaphragm. It will be noticed 
that the curve starts out horizontally, then drops to a minimum 
at 300 ^ from which it rises and reaches a maximum at 720 
' at which the range of oscillations is about five times that of the 
minimum, and about four times that at the lowest frequency. 
After 720 ^ there is no other maximum until 2600 ~, and then 
shortly after this there appears to be another, but this was not 



Fig. 9—Relation between Current through the Receiver, 
and Range of Oscillation of the Diaphragm at Different Fre¬ 
quencies. 

quite reached as it was not desired to overspeed the machine 
at the time these records were obtained. It is rather surprising 
to find the minimum at 300, before the first maximum. At first 
its real existence was doubted but the appearance of a similar dip 
in the curve for the next diaphragm, with an entirely different 
make of receiver, seems to indicate a real effect. It should be 
remembered that the damping of the diaphragm in a receiver 
is not purely mechanical, but is partly electromagnetic and this 
may have a bearing here. The mechanical effect can be expressed 
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by a term of the usual form k in the differential equation of 

motion of the diaphragm. The electromagnetic damping we 
may consider to be made up of two parts. One of these is due to 
eddy currents set up by the motion of the diaphragm in the per¬ 
manent magnetic field. It would be present if the diaphragm 
were executing free vibrations. This also could be expressed by 
& x 

a term of the form k —7—. The other part is due to hysteresis 



Fia 10 Relation between. Current through the Receiver, 

AND ANGE OF OSCILLATION OF THE DIAPHRAGM AT DIFFERENT FRE- 


and eddy currents caused by the current in the receiver. This 
would increase with the frequency, so that we are dealing here 
not with a constant damping coefficient, as is usually supposed 
m the treatment of forced oscillations, but with one that 
increases with frequency. The minimum in the resonance curve 
appears at about 300 ~ and it is the trace at 332 ~ to which 
attention was called above, which shows the dimple. The plate 
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for 296 ~ (not reproduced) was exposed in two sections, giving 
traces very similar to the lower two of 332 This plate was 
obtained before the one for 332 ^ and the range was not carried 
high enough to get the dimple. It cannot be definitely said that 
the minimum of the curve and the dimple in the trace are causally 
connected, but the coincidence is rather striking. 

The resonance curve Fig. 11 covers the range of the important 
frequencies existing in the human voice. The lowest tone reached 
by man in singing is about 65 vibrations per second. The highest 
reached by a woman is 1036, but this tone contains harmonics of 
higher frequencies. A number of investigations have been per- 



Fig. 11 —Resonance Curve for Diaphragm A. Giving the 
Relation between Frequency and Range of Oscillation for a 
Constant Current. 


formed on the vibrations contained in vowel sounds. According 
to results obtained by Bevier 7 the prominent frequencies are: 


For a 

as 

in hat . 

. 650 

1050 

1550 

“ e 

« 

“ pet . 

. 620 

1050 

1800 

11 i 

« 

“ pit .. 

. 575 

1850 


“ i 

« 

“ pique . 



2050 


In the consonants, especially those of the hissing type, very 
much higher frequencies exist, going in some cases as high as 
10,000. These consonants have not the importance in speech 
that the vowels have, and it may well be said that the prominent 

7. Phys, Rev., 1901, 1902, 1903. Quoted by Barton “ Text-Book of 
Sound,” p. 672. 
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vibrations are included between 300 and 3000, probably not 
many lying above 2000. 

We may obtain a comparison between the fundamental 
frequency of the diaphragm determined experimentally, with 
that to be expected from Rayleigh’s formula. The greatest 
ordinate of the resonance curve comes at 720. This ordinate 
for any system lies at a somewhat less frequency than its free 
vibration. Further, the actual frequency is somewhaf less than 
it would be if there were no damping. It is this last value which 
is given by Rayleigh’s formula. By applying the theory of a 
system with one degree of freedom to the resonance curve of 
11 1 s simple calculation shows that if there were no damping 
the free frequency of diaphragm “ A ” would be 732. This is 
12 vibrations a second higher than the point for the maximum 
ordinate of the curve. The difference is not greater than the 
error in measuring the frequency. Let us now substitute in 
equation (1). We may take 

2 = 2.0 X 10 12 
A = i 
P = 7.7 

which gives 

n = 2.41 X 10 5 X 

a 2 

from the measurements of the present diaphragm, 

2 h = 0.023 cm. 
c = 2.5 “ 

Hence 

n = 890 

this being the value required by Rayleigh’s formula, whereas the 
value obtained experimentally is 732. The agreement is not 
very good but a better result is hardly to be expected. The 
diaphragm has 0.007 cm. (0.003 in.) of enamel on its front face, 
which probably loads it down without adding much to its stiff¬ 
ness, thus causing the actual value of the free frequency to be 
ower than the calculated one. The measurement of the thick- 
ness of the diaphragm is not very accurate, only a small spot 
at the edge being available for this, and moreover the value 
of i oung s modulus substituted in the equation may not be the 
correct one for the iron of the diaphragm. It cannot be told in 
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what direction more accurate values for these last two quantities 
would change the result. 


Diaphragm B 

Another receiver designated as No. 122 W, also of the bipolar 
type, was next investigated. Its characteristics were: Total 
diameter of diaphragm 5.51 cm. (2.17 in.). Inside diameter of 
clamping ring 5 cm. (1.97 in.). Thickness of diaphragm over 
enamel and varnish 0.028 cm. (0.011 in.). Thickness bare at 
edge 0.023 cm. (0.009 in.). Distance between pole pieces and 
plane of clamping ring of diaphragm about 0.03 cm. (0.012 in.). 

It seemed desirable to ascertain whether the mirror had any 
noticeable effect on the form or range of the oscillation, so in 
this set of exposures the current was kept as nearly constant as 
possible for each plate. One section was exposed with a load of 
8 mg. wax placed on the diaphragm as near to the mirror as 
possible, and the other section was exposed without the load. 
Some of the photographs are reproduced in Fig. 5. In none of 
these is there any noticeable difference in wave form when the 
load is on and off, nor is any difference shown in the other photo¬ 
graphs which are not reproduced. The traces were all carefully 
measured. The differences in width are of the order of the errors 
of measurement, which range from, say, 5 per cent when the 
traces are as wide as those for 820 ~ to 15 or 20 per cent for 
narrow traces, as for 1440 ~. The measurements on the same 
trace usually check up to one or two per cent if the range of the 
trace is a centimeter or more, but in measuring traces of different 
photographic intensity the accuracy is probably not so great. 
The figures for 820 ~ show an increase of 8 per cent for the loaded 
case over that for no load; this may be a real effect. 

Fig. 12 gives the resonance curve as nearly as it can be plotted 
from the scant data obtained for this diaphragm. Frequency is 
plotted as abscissa, and the ratio of diaphragm oscillation to 
current as ordinate. If we assume the linear relation of current 
and diaphragm oscillation for a fixed frequency this gives 
the same curve as Fig. 11 to within a constant factor. We see 
that the minimum before the first maximum is again present, 
and in a more marked degree than for the first diaphragm. The 
maximum ordinate is about five times that at the minimum as 
before, but only three times that at the lowest frequency. How¬ 
ever, it is not entirely certain that the maximum comes at 820 ~ 
as drawn. When watching the light spots this appeared to the 
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eye to be about the maximum and so the photograph was made 
at this frequency. If more points had been obtained they might 
have shown that the maximum really lies at a somewhat different 
frequency, and has a 10 or 20 per cent greater value. The curve 
shows no further resonance points up to the highest speed the 
machine attained, but they doubtless would have been found 
if it had been possible to go high enough. This diaphragm had 
approximately the same characteristics as the first, so if we apply 
Rayleigh’s formula we again get 890 as the natural frequency, 
the agreement with the experimental value being somewhat 
better this time. 

General Observations 

More diaphragms, and diaphragms of different characteristics, 
might have been examined by the method here used, but it was 



thought that before the investigation was extended in this 
direction further knowledge should be obtained about the motion 
of some one diaphragm. It was pointed out above that when a 
circular plate is vibrating freely, the nodes are circles and dia¬ 
meters. 8 In the case of a clamped diaphragm this means that 
the nodes may be located as shown in Fig. 13. These drawings 
are for the five lowest modes of vibration and are given in the 
order of ascending frequency. We may expect that in the case of 
a telephone diaphragm some of these types of vibration will be 
present. It cannot be said in advance which ones will occur nor 
to what extent they will do so. This depends on the frequency of 
the impressed force and on the way in which it is applied, and 
can only be found by experiment. Hence we may suppose that 

8. Winkelmann’s “ Handbuch der Physik, II,” p. 372 cd 19 09 
Rayleigh, “ Sound,” Vol. I, p. 331. .... 
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by fixing a mirror in one spot (e.g., over the perpendicular bi¬ 
sector of the pole pieces), we cannot learn all that should be 
known about the motion of the diaphragm, and this is borne out, 
even to a more marked degree than was expected, by visual 
observation of the spot of light at certain frequencies. The spot 
ordinarily vibrated in a horizontal direction. This is what would 
be expected if the vibration consisted of a motion of the diaphragm 
as a whole (Fig. 13a,) or if there existed an internal circular 
node (Fig. 13^). We may refer to this as a " circular ” vibra¬ 
tion. At certain frequencies the spot of light vibrated, not hori¬ 
zontally, but obliquely. An oblique motion would be produced 



Fig. 13 —Representing the Five Lowest Modes of Free Vibration 
of a Circular Diaphragm. 

a. —The boundary as the only node—diaphragm vibrating as a whole. 

b. —One diameter as node—the two halves of the diaphragm vibrating in opposite phase. 

c. —Two diameters as nodes—adjacent quadrants are in opposite phase. 

d. —Two circles as nodes—the inner and outer areas are in opposite phase. 

e. —Three diameters as nodes—adjacent sectors are in opposite phase. 


if there were superimposed on the circular vibration a vibration 
having one or more diameters as nodes, as in Fig. 13 h } c , or e . 
We may speak of this motion as a “ diametral ” one. The mirror 
need not be located on a node to show this component, but would 
do so to some extent if it were located anywhere except on a 
loop. This component cannot be symmetrical about the center 
of the diaphragm. 

It is not at once evident why the diametral vibration should 
be introduced at all. If we assume the complete symmetry of 
the diaphragm about its center, and of the pole pieces about the 
diameter bisecting them perpendicularly, there is no reason to 
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expect it. 'We must look for a lack of symmetry somewhere. 
The mirror on the diaphragm suggests itself, but the weight of 
the mirror was only 4 mg. and it seems improbable that so small 
a load could be responsible for the vibration. It was thought 
that some sort of asymmetry must exist in the poles, and if this 
were the case then a rotation of these behind the diaphragm ought 
to make the nodal diameter rotate in the diaphragm, keeping 
a fixed position with reference to the poles. This would allow an 
exploration of the motion, so to speak, around the diaphragm 
without moving the mirror or the diaphragm itself. A receiver 
(122 W) exactly like the one used with diaphragm “ B ” was 
fitted up to allow the rotation of the poles. With this instrument 
it was found that the diametral component recorded by the spot 
of light changed markedly as the pole pieces were rotated; it 
passed from zero through a maximum and back to zero in about 
half a revolution. But it was also noticed that there was a de¬ 
cided change in the intensity of the sound as the rotation took 
place, which, of course, should not exist if the diaphragm were 
symmetrical and the nodal diameter were merely being turned 
therein. Moreover the maximum diametral components recorded 
by the image coincided with the maximum sound, so that possibly 
the main thing shown was that the amplitude of the diametral 
vibration of the whole diaphragm depended on the orientation 
of the diaphragm over the poles. Three things presented them¬ 
selves in explanation of this fact: First, mechanical imper¬ 
fections in the 10 taring part might cause the poles to approach 
the diaphragm in certain positions and recede at others. Second, 
the influence of the weight of the mirror might make one direc¬ 
tion in the diaphragm different from another. Third, the grain 
of the diaphragm may be the cause. This was suggested by 
Kempf-Hartmann 9 as a possible cause of asymmetry. Some 
rough experiments were at once instituted to decide between 
these three possibilities, and it is certain that mechanical imper¬ 
fections play only a small part if any at all. No decision could 
be made between the influence of the mirror and grain, but it is 
thought that this can be done in the future. If it develops that 
the orientation of the grain in the diaphragm over the poles 
plays an important part determining to what extent the 
diametral vibrations are introduced, it would appear to be a 
matter of some importance. 

Whether these vibration s are a help or a hindrance in the 

9. Kempf-Hartmann. Annalen , VIII, p. 492 1902. 
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transmission of speech it is difficult to say. It is generally con¬ 
sidered that the fundamental tone of the diaphragm falls within 
the range of the principal frequencies of the voice, and this is 
borne out by comparison of the curves of Figs. 11 and 12 with 
the data given on the frequencies for different sounds. The 
amplitude of the circular vibration is small between the funda¬ 
mental and the next higher resonance tone. Sounds of certain 
pitch are therefore very much magnified in relation to others. 
The frequencies of the vibrations with one diameter and two 
diameters as nodes lie below the frequency for the second circular 
vibration. From the observations discussed above it appears 
that a telephone diaphragm may be made to take up these modes 
of vibration by properly orienting it over the pole pieces or by 
properly loading it. Now, might it not be possible by deliber¬ 
ately introducing the diametral vibrations, both in transmitter 
and receiver, and choosing the sizes of the diaphragm in such a 
mann er that the maxima of the resonance for the one diaphragm 
coincide with the minima of the resonance for the other, to 
maintain more nearly the relation between the amplitudes of 
sounds of different frequencies? 

Work on the Transmitter 

Arrangements and Apparatus. For the transmitter the 
general problem is similar to that for-the receiver, namely, to' 
exert an oscillating force of known form on the diaphragm and 
record the vibration produced by it. As in actual use the trans¬ 
mitter is acted on by sound waves, the most natural thing would 
be to use these for the impressed force, but experimental diffi¬ 
culties arise which make this impracticable. It is difficult, if 
not impossible, to get a source of sound which is sufficiently 
loud, and at the same time gives a pure tone of which the pitch 
and intensity may be easily varied and measured over a wide 
range. Moreover when working with sound sources in an en¬ 
closed space, such as the room of a laboratory, there are always 
standing waves set up between the walls of the enclosure which 
would introduce a further uncertainty in determining the inten¬ 
sity of the sound which is incident upon the transmitter dia¬ 
phragm. For these reasons no attempt was made to use a sound 
source. From the work on the receiver the conclusion seemed 
justified that the pull produced on the diaphragm by the receiver 
magnet is nearly harmonic for a harmonic current, and the 
amplitudes of the force and current are proportional if the 
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current is not too great. It was accordingly decided to use a 
receiver magnet for producing the force acting on the transmitter 
diaphragm, as this allows the frequency and amplitude to be 
easily varied and measured. The magnet of a receiver was 
mounted rigidly in front of the transmitter. A small iron disk 
was shellaced on to the diaphragm to have some magnetic 
material for the magnet to act on, as the transmitter diaphragms 
themselves are of aluminum. The necessity of using the disk 
and the fact that the magnet produces a central force instead of 
a distributed one, as does a sound wave, are disadvantages of 
this method. (The weight of the disk was 0.81 gram.) 

The current from the alternating-current generator was passed 
through the coil of the receiver magnet, and the current wave 
recorded on the oscillograph. 

For recording the vibration of 
the diaphragm the mirror 
method would have had cer¬ 
tain advantages, but with a 
system as stiff as the trans¬ 
mitter the amplitude would 
not be great enough. Current 
from a storage battery was 
passed through the trans¬ 
mitter and the second vibra¬ 
tor of the oscillograph in 
series, and the variation of 
current in the transmitter due 
to the vibration of the dia- 
phragm was recorded on the same photographic plate on which 
the curve of the current through the magnet was recorded; the 
variation of current in the transmitter was taken as a measure 
of the oscillation of the diaphragm. The electrical connections 
are shown in Fig. 14. In one electrical circuit, which will here¬ 
after be referred to as the “ magnet circuit, ” the high-fre¬ 
quency generator G, the oscillograph O u the coil on the 
magnet F and the resistance R are in series. In the other 
circuit, which will be called the “transmitter circuit,” the 
current flows from the storage battery B to the diaphragm I), 
through the carbon granules box of the transmitter C to the 
oscillograph 0 2 , and through the milliammeter A back to the* 
battery. The battery consisted of three storage cells; the voltage 
remained constant at 2.9 volts throughout. The two circuits 
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had the point E in common at which they were connected to 
earth. The action of the apparatus is simple. The alternating 
current in the coil of the magnet F causes the diaphragm D to 
vibrate. Before the beginning of the vibration the current in 
the transmitter is steady and can be read on the milli ammeter 
A . This steady current causes a steady deflection of the oscillo¬ 
graph 0 2 . When the motion of the diaphragm begins the current 
undergoes variations which are recorded by 0 2 . During the 
time of making an exposure the milliammeter is shunted so as to 
do away with all possible self-induction in the transmitter 
circuit. 

Photographs and Measurements 

Some reproductions of the photographs are shown in Figs. 6 
and 7. The trace on the left shows the current in the magnet 
coil. The zero line is not shown but would traverse the middle 
of the trace, as this is due to a simple alternating current. The 
straight dark line on the right gives the line for zero current in 
the transmitter. The trace to its left gives the variation of 
current through the transmitter when the diaphragm is oscil¬ 
lating. That is, the distance from the zero line to the trace 
at any point gives the instantaneous value of the current, and 
the difference between the maximum and minimum distance 
gives the range of oscillation of the current. The frequencies 
are given to the right. 

On the plates for 600, 700, 940 and 1014 cycles, and on most 
of the plates not reproduced, the traces are pointed for maximum 
current (granules compressed) and flat for minimum current. 
In these cases the steady current line runs nearer the minimum 
than the maximum. This was shown by an asymmetrical 
broadening of the light spot toward the left when the exciting 
current was turned on, and also by a rise in the reading of the 
milliammeter A . In the first plate shown, namely for 288 cycles, 
this is reversed. The points are for minimum current and the 
flat side for maximum. In this case the steady current line runs 
nearer the maximum, the broadening being asymmetrical to the 
right, and correspondingly, the milliammeter fell on making the 
exciting current. The plate for 1350 cycles gives a more symmet¬ 
rical trace than 288 ~,but showed the same anomalous behavior 
in the broadening of the light spot toward less current, and the 
dropping of the milliammeter. These two plates were taken 
one after the other. This anomalous condition had been observed 
visually on one occasion when observing the oscillations by means 
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of a ground glass and a rocking mirror, but the transmitter had 
gone back to its normal condition before a photograph was 
obtained. After this no amount of tapping and exciting would 
bring it back. The plates in question were obtained when at the 
end of a series of exposures this condition was found to exist 
accidentally. After these two plates the transmitter returned to 




Its normal state. Later one more anomalous trace was obtained 
at 660 but this does not fit in well with the others. The peculiar¬ 
ity did not seem to occur at any definite frequency, but seemed to 
depend entirely on the arrangement of the granules, for when 
once present it showed over a wide range of frequency, and when 
absenc the same frequency could be gone over with normal results, 
it is not^to^be confused with ordinary “ packing ” but may be 
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closely allied to it. The traces for the transmitter in general 
show a great deal more distortion than do those for the receiver. 
The actual range of force on the diaphragm is considerably less 
for the transmitter, as the air gap between the magnet and disk 
is greater, and the amplitude of the current in the magnet is less. 

Plotting for each frequency the current in the magnet as 
abscissa, and the variation of current in the transmitter, per 
milliampere of steady current, as ordinate, we get the curves of 
Fig. 15. This relation between the two is seen to be approxi¬ 
mately linear. The point farthest out usually shows a somewhat 
steeper slope, but in several cases the reverse is true. The 
accidental errors due to changes in the transmitter are, of course, 



Fig. 16 —Resonance Curve for the Transmitter. 


great, so a straight line running between the two points 
was considered a fair locus for the curve. In Fig. 16 a 
curve is plotted having frequencies as abscissas, and as ordi¬ 
nates the variation of current in the transmitter per milliampere 
of steady current, when the current in the magnet has a constant 
value of four milliamperes. This is the resonance curve for the 
diaphragm. The points all fall fairly well into line except the 
one for 660 which is the one exposure made when the trans¬ 
mitter was for the second time in the anomalous state. The two 
plates obtained when it was for the first time in this state fall 
into line very well. The resonance curve certainly does not 
include the point at 660 as the light spots were watched vis- 
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ually, when the granules were in normal condition, and no drop 
m amplitude at that frequency was ever noticed. The light 
spots were watched time and again as the generator accelerated 
or came to rest; and it was easy to see the marked continuous 
rise and fall m the width of the oscillation. Whatever errors 
may have crept into the determination of one or two of the 
points, the general nature of the resonance is certainly that of 

We notice m the curve the slight fall before the first maximum 
which was present in the receiver diaphragm curves, and is 
probably due to the losses m the magnet. Next the sharp maxi¬ 
mum at 700, the minimum at 800, the second maximum at 940, 

f* 3 a J er * his the dr °P t0 a fairl y constant value. It is regretted 
that the investigation could not be pushed above 1350, but 
at higher frequencies conditions became very unsteady; especi¬ 
ally is this true of the average current through the transmitter. 
It is a great surprise to find such sharp maxima in the curve, and 
tvo so close together. The ordinate of the first maximum is seen to 
a . b °f eight and a half times that at the minimum, and six and 
* / meS th f at the lowest frequency; at the second maxi- 
„ , ab °lV lshteen times th at at the minimum just before it, 
and about four times that at the lowest frequence The loca- 
ron of the fundamental vibration at 700 cycles is in good agree- 

~ h ,°f S T k ' Jt iS t0 be regretted that no data can 

resonance 5°“ regarding the sharpness of the 

‘ . H ! S curves having as ordinate the current in a 
econdary circuit have a zero ordinate for zero frequency i e 

ImnlJud !r thS ° rigin , HenCe n ° com Parison between the 
The firl reS ° nanCe W * th that at zer ° frequency can be made, 
suppose JbeTTt ° f -,! he diaphragm we would naturally 
be introduced T J lbration as a whole. The second may 
... . ^ one °f the so-called damping springs. The 

•in wide Uin l e d “P lace b y tw0 Pieces of spring steel about 

the e?dt’ One TheSS ha ™ ™ bb « «P S °» 

, ' ® ne P resses against the diaphragm at the ed°-e • and 

%£££.?* ? tmce “ td ™ d8 tba «“«• “ 
fte ooSTL ttn °“ d , 0 “ P T eS i5 more Snnly supported than 
J "7* 80 the secrad "sonance may be due to 

nodid hue If mFZ C °” fisdratio ” witb ‘“e Point lying on a 
octal line. If this is the case one of the actions of the damping 

pnngs is just the opposite to that commonly supposed. Accord- 
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ing to Kempster B. Miller: 10 “The object of these damping 
springs is to prevent too great an amplitude of vibration of 
the diaphragm, and also to keep it from vibrating in separate 
parts instead of as a unit.” The inside damping spring may also 
have considerable influence in raising the fundamental period 
of the diaphragm as it adds to its stiffness. It should be possible 
to settle these questions by placing both springs on the edge and 
taking another resonance curve. It is hoped to do this in the near 
future. 

Summary of Results 

Photographs have been obtained showing the vibration of 
receiver diaphragms when approximately harmonic currents 
are passed through the receiver. These show considerable dis¬ 
tortion at some frequencies and very little at others. At any one 
frequency the distortion is less for smaller currents. This is what 
would be expected from a priori consideration. 

An approximately linear relation has been shown to exist 
between current and amplitude of oscillation of the diaphragm 
over the range of work, which extends well beyond that of prac¬ 
tise. Resonance curves for two receiver diaphragms have been 
plotted giving quantitative data of the influence of the natural 
period of the diaphragm. 

The effect of a small load on the form and range of the oscilla¬ 
tion was examined. Its influence could not be detected except in 
one instance in which there was possibly a slight effect on the 
range of oscillation. 

Diametral vibrations of the diaphragm were observed in cases 
in which they would not have been expected from the apparent 
symmetry of the instrument. The orientation of the diaphragm 
over the pole pieces was observed to have a marked effect. It 
has not been experimentally settled whether this is due to the 
mirroi or the grain of the plate, but it is difficult to see how a 
mirror weighing only 4 mg. could cause the vibrations. It is 
suggested that by properly introducing “ diametral ” vibrations 
the transmission of speech might be improved. 

Photographs have been obtained showing the variation of 
current in the transmitter when an approximately harmonic 
force acts on the diaphragm. These show a rather marked dis¬ 
tortion even for the lowest exciting force used, which was very 
much lower than the lowest force used on the receiver diaphragm. 


10. “American Telephone Practice.” 4th edition, p. 56. 
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These distorted curves may be just reversed from their normal 
form when the microphone is in a certain abnormal state. 

An approximately linear relation exists over the range exam¬ 
ined between the variation in current and the exciting force. 
The resonance curve of the transmitter is given, showing very 
marked maxima and minima. The first maximum is attributed 
to the fundamental period of the diaphragm vibrating as a whole. 
The second maximum is attributed to the diaphragm vibrating 
in an irregular configuration on account of the damping springs. 
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Discussion on “ The Vibration of Telephone Diaphragms ” 
(Meyer and Whitehead), Boston, Mass., June 27, 1912. 

George D. Shepardson: Attention is called in the paper to 
the irregularities in the oscillograph curves at the values 332 
cycles and 1292 cycles. I examined that “ dimple/’ as it is called, 
with considerable interest, and found two possible explanations 
for it. In both cases the dimple occurs where the diaphragm is 
at the greatest distance from the magnet. The first explana¬ 
tion which occurs is that the diaphragm is there in a compara¬ 
tively weak field where the diaphragm is more free to vibrate 
in its own natural periods. Another more plausible explana¬ 
tion is that the actuating current in this case is several hundred 
times greater than the normal current. Now, that means, if 
we refer to the equation which is given here for the performance 
of the diaphragm, a very strong m.m.f., due to the current in the 
coil. At the “ dimple,” the current in the negative or demagne¬ 
tizing direction becomes dominant and neutralizes the m.m.f. 
due to the permanent magnet; as the current passes the critical 
value, its pull becomes positive, being proportional to the square 
of the current, and thus causes the “ dimple ” at the extreme 
value. I think this second reason is much more plausible 
than the first, that is, that it is the m.m.f. of the current 
overcoming and reversing the permanent field. 

That suggests a point in connection with ^he equations (2) 
and (3). You will find that all of the discussions of the theory 
of the telephone transmitter are based on the assumption that 
the current in the coil actually changes the value of the perma¬ 
nent field. I think that is entirely erroneous. If you place a coil 
about the heel of the magnet, at the most remote distance from 
the coils, you will find that the variation in the permanent flux 
is almost nil; it amounts to from 1 to 10 per cent with the greatest 
possible variation in the inductance you can get, by removing the 
armature entirely away from the soft iron pole pieces. It seems to 
me, the real action of the current in the coil on a telephone re¬ 
ceiver is not to change the total amount of flux but simply to 
change the distribution of it. I doubt very much whether the 
total flux passing through the diaphragm is even changed, but 
the action of the coil is to concentrate that force. 

Inquiry is made about the discrepancy between the natural 
period as observed and that as calculated, 890 in one case and 732 
in the other. I suggest that that discrepancy may be due to the 
fact that Rayleigh’s formula does not take very much account of 
the temperature effect. The temperature acts very much like 
the cords of a drum. You tighten up the cords on the drum and 
the tone of the drum rises, and so in the case of the telephone re¬ 
ceiver, as the temperature rises it strains the diaphragm 
and raises its natural period of vibration. Rayleigh’s formula 
does not specifically cover that point. In the case of the trans- 
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rnitter diaphragm, clamped only at one or two points, and 
if there are other points these are usually in a straight line, 
the temperature effect is almost nil. I have applied tempera¬ 
ture variation of 100 deg. fahr. to a transmitter diaphragm and 
found no appreciable difference in the sensitiveness to sounds of 
varying pitch. 

Mention is made of the effect of the damping spring. I have 
experimented recently upon a transmitter where the source of 
sound was a siren whose speed and whose pressure were separately 
controllable, and I found in almost every case a curve of sen¬ 
sibility which bears a general family resemblance to Fig. 16 of 
the paper. The effect of the damping spring upon the natural 
period does not seem to be as great as one might expect, although 
it does seem to have some influence. In one case' I found a 
minimum sensitiveness at 1115 vibrations, with the damping 
spring removed clear off to one side. With the damping spring 
shifted back to its ordinary position, and with the ordinary 
tension, the maximum point was at 1070 vibrations. By tight¬ 
ening the damping spring, moving the screw in about one-quarter 
turn, the maximum point was shifted over to 975, so that the 
presence of the damping spring seems to affect the pitch for 
maximum sensitiveness. These results were not repeated, and I 
do not attach great importance to them. 

^ Regarding the positions of maximum sensitiveness in the curve 
of Fig. 16, experimental work shows that these positions vary 
according to the construction of the transmitter; that is, trans¬ 
mitters of different manufacture will show these points of maxi¬ 
mum sensitiveness coming at varying positions. Different 
transmitters from the same factory will show marked differences 
in the positions of the peaks. For example, one transmitter 
showed minor peaks at about 500 cycles per second, and major 
peaxs at some 925 cycles per second, another at 1065, another at 
looo, and another at 2100, so you may expect a series of peaks 

?c/^ a n 1 ^ UI ^^ ensitiveness ' In anotlier case the peaks came at 
1600, 900, lObo, and 1640, and this case of 1640 was what I 
would call the summum maximum, that is the highest, higher than 

a y; °“ he ° th 5 peaks. Another transmitter had equal max ima 
at lOoO and 1700. 

I would say that these experiments were made with 
so^ce of the disturbance, and there was con¬ 
siderable difficulty experienced in getting rid of reflections 
y°V the walls - In some cases these brought in phenomena 
them" 61 " 6 V6ry puzzmg untii means were found to eliminate 

t T eorge W ' b er< 5 e \ 1 have been very much interested in 
this paper, particularly as Professor Kennelly and I have re- 

offlS wn 6 i T? S °“ e e ?P eri ments l which include as a part 
of the work the determination of the period of vibration of the 
U ephonc diaphragm. First, as to temperature.. One of our 

1. Published in full in Proc. Am. Acad. (BostonVV^48, NV67l912^ 
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laboratory mechanics, Mr. Greaves, who was trying to make a 
telephone of particular pitch, found when he breathed on the 
diaphragm he changed the period perhaps fifty per cent. The 
period changes enormously if the diaphragm is rigidly clamped 
into a metallic frame, but if. the diaphragm is loosely 
clamped, as in the case of the ordinary telephone receiver, with 
washers or gaskets, the temperature does not have so meat an 
effect. 

In regard to the occurrence of the dimple in two or three of 
Meyer’s and Whitehead’s oscillograms, also with some oscillo¬ 
grams similar to these, I found that the dimple occurred when 
the current was large, independent of the pitch, and it seems to 
me to be the phenomenon that Professor Shepardson has men¬ 
tioned, of the preponderance of impressed force over the direct¬ 
ing force of.the permanent magnet. To avoid that effect I 
found that,, if you use a permanent magnet for the field and 
attach a coil to the diaphragm, so as to link with the magnetic 
flux of the field magnet, and send alternating current through 
the coil, you can vary the pull on the diaphragm to any extent, 
yet get no dimple at all, because there was no change in the 
Bo magnetic field by the effect of the impressed current. 

In regard to the period of the diaphragm, Professor Kennedy 
and I have been measuring resistance and inductance of the 
telephone receiver at different frequencies, and the result is very 
interesting and indicates the marked effect of periodicity of the 
diaphragms as Messrs. Meyer and Whitehead have found. If 
you measure the resistance and the inductance with the tele¬ 
phone diaphragms damped you get one value, and then, if you take 
your finger off the diaphragm, and allow it to vibrate, you get 
a different value of inductance and resistance. 

With the diaphragm vibrating, the inductance and resistance 
may differ by 50 per cent from the inductance and resistance with 
the diaphragm damped. Let us call the excess of the inductance 
or resistance when the diaphragm is free over the inductance or 
resistance when the diaphragm is damped the motional inductance 
or resistance of the receiver. The motional inductance multiplied 
by the angular velocity we shall call the motional reactance. If 
now we plot motional resistance and motional reactance against 
the angular velocity of impressed e.m.f. we get —for a particular 
receiver—the curves “ reactance ” and “ resistance 75 in Fig. there¬ 
with. At the pitch of 5700 radians per sec. the vibration of thedia- 
phragm increases the resistance by a large amount (22 ohms). At 
a slightly different pitch—5900—the vibration of the diaphragm 
decreases the resistance by 45 ohms. The reactance may follow 
a curve somewhat like the resistance curve, but in general, 
with the change of pitch, the vibration of the diaphragm causes 
the reactance to decrease to a minimum and then to go up again, 
as shown,by the curve marked “reactance.” 

Now, if we measured the inductance, calculated the reactance 
and measured the resistance, we had the impedance, we also knew 
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the current—and, multiplying the square of the current by the 
resistance, we get the power, and taking the difference between 
the power when the telephone is free and vibrating, and the 
power when the telephone is damped, we get the curve marked 
“ power ” of Fig. 1. The change-of-power curve, the amount of 
power supplied to the telephone -when free in excess of the amount 
when damped, is very large when you approach the resonant 
period of the diaphragm, and attains its maximum in the neigh¬ 
borhood of natural period of the diaphragm, which in the case of 
Fig. 1 was 5820 radians per second. This change of power 
amounted to as much as 68 per cent, when the telephone was 
making a pretty good noise. That is,' if you put your finger on 



Fig. 1 

the diaphragm and measure the power input at constant 
voltage, and take your finger off the diaphragm, and then mea¬ 
sure the power input, you will find that the power input has 
increased by 68 per cent. 

The telephone was free in a room, and the room was full of 
sound, when we were using current of frequency near the reson¬ 
ance point, and the sound interfered by reflection, producing 
stationary waves in the room. If an assistant walked through 
the room, so as to go through the different points of maxima and 
minima of sound, the effect was a reaction on the telephone, so 
that its inductance and resistance changes with the position of 
the assistant in the room, and if you had a bridge balance for 
inductance and resistance and allowed a man to walk through 
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the room, the bridge would be variously thrown in and out of 
balance. The reflected sound, coming back and striking the 
diaphragm, determines in part the work by the diaphragm, so 
that a shift of the stationary wave system in the room affected 
inductance, resistance and power. With a given e.m.f. the re¬ 
sistance of the diaphragm would usually increase with the amount 
of work done by the diaphragm, and that would depend upon 
the stationary wave system. 

If you plot the motional reactance against the motional re¬ 
sistance—meaning by^ the motional values the excess of reactance 
or resistance when the diaphragm is free over the corresponding 
value when it is damped—if you plot one of these quantities against 
the other, R being plotted horizontally and L being vertical, 
you get a circular locus, as in Fig. 2. The resistance and induct¬ 
ance change in relation to each other. The position of the 
center of the circle is deter¬ 
mined by the mechanical and 
electrical constant of the 
diaphragm, and if you plot 
angular velocities of im¬ 
pressed e.m.f. around the 
circle, you begin at the origin 
with angular velocity zero,* 
and as the angular velocity 
increases to infinity the vec¬ 
tor “ motional ” impedance 
goes once around the circle 
in a negative direction. The 
frequency of e.m.f. which 
gives this point of the im¬ 
pedance circle diametrically 
opposite to origin is the 
natural frequency of the dia¬ 
phragm; and the periods of 
the diaphragm differ in differ¬ 
ent instruments and also the sharpness of these resonance curves 
differs in different instruments. If you take a curve like that 
which Messrs. Meyer and Whitehead have in their paper—or the 
resonance curve of the excess power put into the telephone when 
the diaphragm is free, you find that with an ordinary Bell receiver, 
the change of frequency to throw the diaphragms well out of reso¬ 
nance may be as much as 100 radians per second, but if you take 
a diaphragm rigidly clamped around the periphery by a heavy 
metallic clamp a change of period of 10 radians per second in 
five thousand would throw it completely out of resonance and 
reduce the amplitude of vibration so as to give almost complete 
silence. If you breathe on the rigidly-clamped diaphragm 
when it is actuated by a resonant current, the heat of the breath 
may so change the natural mechanical period of the diaphragm 
as to produce complete silence. 
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‘ Professor Kennelly and I find that the curves that I have shown 
ao-ree closely with theoretical values obtained by considering 
the reaction of the moving membrane on the magnetic circuit. 
The theoretical treatment resembles the theoretical discussion 
of refraction and absorption in the neighborhood of the absorp¬ 
tive band in optics, except that in the telephone diaphragm prob¬ 
lem account had to be taken of the fact that the magnetization 
of the iron lags behind the magnetizing forces, consequently the 
shift in phase in the telephone problem differs from that m the 
optical problem. We determined experimentally the shift 
of phase, and found that it was equal to twice the angle of lag 
of the magnetization behind the magnetizing force as was de¬ 
manded by the theory. , . 

Alan E. Flowers: I ask what bearing your results have on 
the values that have been given for. the principal frequencies 
in telephone currents; and also, if it is possible in further experi¬ 
ments to use a diaphragm which would be free from enamel or 
other non-elastic substances, so that the period could be calcu¬ 
lated more accurately, and if possible have the surfaces polished 
so that you would get the reflection from different portions at 
will without loading any particular spot. The very small 
mirror may or mav not have some effect upon some particular 
laws of diametral vibration, depending, of course, on the relation 
of the weight of the mirror per unit area and the weight of the 
diaphragm itself per unit area; and, further, I ask if it would -be 
possible to carry out further experiments with different dia¬ 
phragm thicknesses. 

' A. E. Kennelly: There seems to be a difference of phase 
indicated in some of the oscillograms, judging from a merely 
random examination, between the currents and the motions, and 
we should be glad to know whether that difference actually exists 


or not. 

John B. Taylor: Dr. Kennelly asked the question I was about 
to ask; that is, whether the apparatus is set up with sufficient 
exactness so that measurements made from the current to the 
diaphragm displacement line can be taken as indicating the 
relative phase between the two. Some of the records at low 
frequency seem to show more pronounced lags than those at 
higher frequency, and one of the records, in Fig. 4, seems to show 
almost a reversal. It is possible in this case they may have taken 
their apparatus down and set it up again with connections re¬ 
versed. 


John B. Whitehead: Which one? 

John B. Taylor: The one I call a reversal, as it appears so 
to me, is 9.8 radians. 

John B. Whitehead: What is the frequency? 

John B. Taylor: It is 1066, as given on Plate LXXVI. 

John B. Whitehead: There are some of these which are 


quite extreme. 

JohnB.Taylor: 9.8X IQ -4 radians deflection under 1066cycles 
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seems to show a distinct reversal. Some appear to lag and others 
to lead. 

Another point is, whether the natural period has not been 
modified by cutting out so much of the receiver cap. I should 
think that the records might have been taken by boring a small 
hole in it. The air cavity is likely to have some effect on the 
period. When sound is produced, energy must come from some¬ 
where, but, as a rule, the efficiency of sound production is con¬ 
sidered to be so low that the energy consumed is not given much 
attention. Just as an induction motor, clamped and at a stand¬ 
still, will show different characteristics from a motor running, 
whether lightly loaded or heavily loaded, so will a telephone 
receiver show different electrical properties if the diaphragm is 
not allowed to move. It would be interesting to compare these 
records with others taken with the receiver held against the ear, 
in which case the “ load ” conditions would be those for which 
the apparatus is designed. 

George D. Shepardson: There is one further point I want to 
call attention to in connection with the performance of the trans¬ 
mitters. In Fig. 6 the curve for the transmitter current is 
considerably flattened on one side; that is just what we should 
get if we had superimposed upon the fundamental wave a second 
wave having twice the frequency, but with the zero corres¬ 
ponding with the zero of the fundamental wave. That is 
just what is demanded in what is sometimes called the inverse 
theory of the transmitter, that is, the motion of the transmitter 
diaphragm which would be required in order to give a sine wave. 
That theory calls for a strong component of double frequency, 
and that is exactly what is shown in this experimental investiga- 
gation, coming about from an entirely opposite direction. I 
think Mr. Anderegg was the first one who called attention to this 
in an article which appeared in Telephony in January, 1909, 
and his double frequency component, which he obtained mathe¬ 
matically, is exactly what is brought out in this oscillogram 
of the transmitter. 

Frank Wenner: There is one point which I should like to 
call attention to, and that is that the motion of the diaphragm 
produces an e.m.f. in the circuit just as in any other dynamo- 
electric machine the relative motion of a part of the magnetic 
field and the winding results in an induced or generated e.m.f. 
This e.m.f. is a back e.m.f. and at the resonating frequency of 
the diaphragm may amount to as much as 90 per cent of the 
impressed e.m.f. 

This is a matter to which I wish merely to call your attention 
now, as I expect to take it up in the discussion of the vibration 
galvanometer, the telephone receiver being one form of. vibra¬ 
tion galvanometer. 

George W. Pierce : This whole effect of the shifting of react¬ 
ance and inductance is the reaction of the diaphragm on the 
coils and that is taken account of in our theoretical treatment. 
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I have no doubt the treatment is the same as for the vibration 
galvanometer, except for the lag in the iron, which will shift our 
change of resistance curve to wiiere our change of induction curve 
ought to be if there were no magnetic lag; that is, the double 
angle of lag amounts to enough to almost interchange these two 
curves. 

As to this amount of power, perhaps my illustrations were not 
clearly explained. I said that this 68 per cent increase of power 
occurred when we got at the resonant point of the diaphragm. 
That does not mean that w^e have the measure there of the energy 
of the moving diaphragm; it merely means that with a given 
e.m.f. we draw more power under one condition than under 
another condition. The excess of power drawn amounted to a 
considerable quantity, and no doubt a good deal of it went into 
sound and energy radiation from the diaphragm, a part of which 
is not sound. The experiments were made with 0.3 of a volt 
in the telephone circuit, i . e., under conditions which were 
somewhere near normal. The strength of the current in the tele¬ 
phone varies with the frequency, but it is in the neighborhood of 
one tnilliampere. 

This reaction of the absorption of the sound upon the sounding 
body is a matter that Professor Sabine, at the physical labora¬ 
tory, of Harvard, has emphasized and pointed out to me by means 
of an experiment of that kind. He had a tuning fork electrically 
driven in a room and measured the energy of sound all over the 
room, everywhere, and integrated it so that he got the total 
amount of energy in the room. He then put felt, which is an 
absorber of sound, in the room, with the intention of reducing 
the sound and measuring it again. He measured it again, and 
he had more energy than before. Although the felt absorbed 
a lot of energy, there was more energy than before. The explana¬ 
tion was that, putting the felt in the room shifted the wave zones 
in the room. He set his tuning fork at a constant amplitude, 
but the power drawn electrically happened to be increased 
by the shift of waves due to the introduction of the felt. 

On the question of the absorption of energy by an observer, 
Professor Sabine has measured the absorption of energy by a 
person that is, he got the energy in the room, and measured it, 
and then got the energy absorbed per person. It is interesting 
that he found that a woman absorbs more sound than a man, 
the difference being due to the difference in the character and 
amount of clothing of the woman and the man. 
u J oIm B. Whitehead: Referring to the explanation for the 

dimple ” in the diaphragm curves—although I could not 
follow the first speaker very closely, I understand his suggestion 
is that the dimple was caused by the actual killing of the flux of 
the magnet itself, yet in the further progress of his remarks, he 
says that so far as he has been able to observe the total flux of 
the exciting magnet of the diaphragm changes very little through¬ 
out the range of operation due to the first current in any event? 
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George D. Shepardson: I distinguished between the ordinary 
operation of the receiver and that with a current some hundred 
times greater than the ordinary; in this case the current was 
unusually large. m 

John B. Whitehead: That may be true, and is certainly 
a very interesting suggestion. 

As to the relation of frequency to pitch, Mr. Flowers explained 
that, I believe. It is quite obvious that if we depend upon the 
natural frequency of vibration of the diaphragm for telephonic 
communication it is, therefore, desirable to have the peak 
spread out as far as it possibly can be, and as high up as possible 
toward the peak of the curve itself. So that, if I understand the 
question correctly, I should think we would aim to get a dia¬ 
phragm with resonance curve broad at its base, rather than ex¬ 
tremely narrow, such as the one that Professor Pierce has de¬ 
scribed. 

I think that great difficulty would be met with in attempting 
to polish the surface of the diaphragm itself in order to use it as 
a mirror for reflecting spots of light. The definition on the plate 
resulting from a reflection from the tiny mirror is really got by 
the size of the mirror itself. All the light reflected from the 
mirror itself goes to the plate, and the polishing of the whole 
surface would lead to a good deal of difficulty, diffused light 
spoiling the definition. 

As to the thickness of the diaphragm, that would be an inter¬ 
esting line of investigation. Doubtless something has been done in 
this'direction but so far as we know no results have been published. 

As to the cutting out of the receiver cap, it is practically impos¬ 
sible to carry out any very extensive investigation of this kind 
without removing the receiver cap. We did nothing to check 
the influence upon the vibrations of the removal of the cap, but 
I do not believe, from the progress of the experiments, and from 
the absence of any evidence of an upsetting of any of the results, 
that it. is an important factor. 

It is proper in closing to state that the bulk of the work involved 
in the preparation of this paper was done by Dr. Meyer, in our 
laboratory, at Johns Hopkins University. 

Charles F. Meyer: The explanation of Mr. Shepardson re¬ 
garding the “ dimple ” in the curve obtained at 232~, for a 
range of 21.8 XlO -4 radians, seems very plausible. His explana¬ 
tion is corroborated by an examination of the curve at 1292^, for 
a range of 9.8 XlO -4 radians, which also shows a slight dimple. 
It will be observed that the values of the current corresponding 
to these two photographs were 68.0 and 61.1 milliamperes, and 
for no other records did the- current have such high values. It 
would therefore seem as though the “ dimple ” were due to the 
high value of the current. 

In setting down the equations (2) and (3), page 1401, it was 
not desired to convey the idea that the current in the coils of 
the receiver actually changes the induction in the permanent 
magnet, for there is no reason to believe this. There is a cer- 
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tain amount of induction present due to the permanent magnet, 
and there is a variable induction, due to the current, superim¬ 
posed on this. Equations (2) and (3) hold good independently 
■of how far back into the pole pieces the variation in the induction 
extends. 

The observation of Mr. Pierce upon the variation of power 
consumed by the telephone, accompanying a variation of the 
system of standing waves in the room, is very interesting. He 
did not state the proportionate magnitude of the change in power. 
In the present investigation no effect of the standing waves upon 
the amplitude was observed. The photographs were all obtained 
with the experimenter in one position, which was necessary for 
manipulating the apparatus, but no variation in amplitude due 
to walking around the room was visually observed. It is thought 
that a variation of ten per cent could not have escaped detection. 

It was questioned as to how far the photographs might be 
relied upon to give the phase relation existing between the excit¬ 
ing current and the motion of the diaphragm. There was no 
attempt made to adjust the apparatus so that reliable measure¬ 
ments might be made, but the photographs give a general idea 
of the phase relation. According to the ordinary mechanical 
theory of forced vibrations the force and the vibration ought to 
be in phase when the frequency is low compared to the natural 
frequency of the system. As resonance is approached the phase 
of the vibration begins to fall behind and when the resonance has 
been well passed the vibration lags half a period behind the im¬ 
pressed force. In the present case the impressed force is that 
due to the magnetization, which lags somewhat behind the 
current, the amount of lag being small for low frequencies - and 
increasing with the frequency. The vibration of the diaphragm 
ought, therefore, to be practically in phase with' the current at 
the very low frequencies, then fall gradually behind as the fre¬ 
quency is raised, and when the resonance point has been well 
passed it ought to lag over half a period behind the current. 
Close scrutiny of the photographic reproductions of Figs. 3 and 4 
will show that the vibrations are in phase for the low frequencies, 
and that the vibration falls behind as resonance is approached. 
The curve for 1292^, to which attention w r as called by Mr. 
Taylor, is beyond the resonance point. It seems to lag about 
half a period behind the current. The lag between the magneti¬ 
zation and the motion should, at this frequency, be almost half 
a period, and the real lag between current and vibration is prob¬ 
ably more than half a period. The fact that the photograph 
shows only half a period may be due to lack of adjustment. The 
adjustment would have to be quite good in order to record the 
phases for the high frequencies with accuracy. 

In answer to the question of Mr. Flowers it may be said that, 
before the small mirror was resorted to, attempts were made to 
reflect the light directly from portions of the diaphragm by 
silvering them, but even very small areas of the diaphragm 
are not optically true, and will not give a good image. 
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I’OLARIZK!) SOLNDICk AS KKlMilYlNf, 
INSTRLMliXT 

by uKotom u, ui. n il 

It is will known that, in time of war, the army has consider¬ 
able difficulty in tip its overland telegraph lines, and 

especially so if these lines, are operated on the ordinary Morse 
system and with wet cells, Tu actual warfare, in tin* field, all 
impedimenta, must be reduced to a minimum, and consist of 
as little perishable material as. po ible. ip jV*r example, it is 
desired to operate a elos.ed tin mil line of ..ay .HOP miles in length 
about lf>0 gravity cells would be required, and if the lint* were 
to be operated on open circuit it would require about 100 dry 
cells per station, Hu the other hand, induction telegraphy, 
so-called, allows such a. line in be successfully operated with 
Irom lour to six dry cells per station. This fact and oilier fea¬ 
tures of simplicity which it. posse-.,:,.explain the existence of 
army held induction telegraphy, 

Ordinarily the 1 third Stales Army induction telegraph kit 
consists ni a polarized relay, a lour ohm sounder, key, induction 
coif and four dry cells. These instruments are installed in a 
portable box weighing about 12 pound:;. The induction coil 
is small and the ratio oi the winding of its coils is as one is 
to one hundred, the primary coil consuming about. 12 watts 
at lour volts. New sets are being experimented with by the 
United States Signal < urps with a view of simplifying, the 
present set by replacing the polarized relay and the four-ohm 
sounder by a polarized sounder, ami as the results obtained so 
far have been very successful it is believed that u new type of 
kit will Boon be adopted somewhat along the* lines described in 

i mi 
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this paper. The writer has conducted a series of tests with 
induction telegraph circuits with the object in view of obtain¬ 
ing suitable kits and circuits in order that induction telegraphy 
may be used more extensively in the field than heretofore, to 
displace some, or many, of the closed-circuit lines which must 
now be used. 

This paper will describe some of the important phases of single- 
impulse induced current circuits, and at the same time will also 
indicate the instruments which the writer has found to be best 
adapted to these circuits. In some cases these instruments 
may be advantageously used with other than induction circuits, 
and instances of these circuits are included in this paper. 

It has been deemed advisable first to outline briefly the op¬ 
eration of an induction telegraph circuit. For the sake of il¬ 
lustration only, suppose that it is possible to construct an in¬ 
duction coil having an efficiency of 100 per cent. With such 
a coil as many w r atts could be obtained from the secondary coil 
as are expended in the primary. As watts are the product of 
volts and amperes, and as the voltage of the secondary coil to 
that applied to the primary coil is*in direct ratio to the number 
of turns in each, it will be evident that it is possible to obtain 
a small current in the secondary circuit at high voltage, sufficient 
to operate a line, and still do this by drawing only a moderate 
amperage from the battery in the primary circuit at low voltage. 

Of course it is known that current in the secondary circuit 
exists only while there is an increase or decrease of intensity of 
current in the primary coil, and further, that the direction in 
which the current flows in the secondary at the closing of the 
primary circuit is opposite to that at the opening or breaking 
of the primary circuit. Consequently, in order to operate a tele¬ 
graph relay or sounder by a momentary induced or secondary 
current of reversed polarity, it is necessary that the armature 
of the instrument respond to direction of current flow, and 
the armature having thus responded it must remain at rest 
until a current in the opposite direction passes through the 
instrument and causes the armature to reverse its position. In 
other w^ords, the relay or sounder must be a polarized instrument. 

To overcome resistance of any considerable amount and yet 
have sufficient current on a line to operate relays, a compara¬ 
tively high electromotive force is necessary. One way to obtain 
this electromotive force is to use sufficient cells in series with the 
line. Another way is to use an induction coil and a few cells 
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with more frequent renewals, drawing a heavy current from 
these cells at low voltage and increasing the voltage and decreas¬ 
ing the current in the secondary circuit, thus obtaining enough 
voltage to overcome the considerable resistance of the line and 
sufficient current to operate polarized relays. For example, the 
army field kit previously referred to will operate well through a 
non-inductive resistance of 50,000 ohms with three dry cells, 
and can even be made to operate, under favorable conditions, 
through 100,000 ohms. 

A type of telegraph sounder employing the well-known prin¬ 
ciples of the Hughes* relay lends itself so readily to induction 
telegraph circuits that the writer has used it exclusively in his 
experiments, either as a sounder, main-line or local, or as a relay. 
An illustration of this instrument (in this case a relaying sounder) 
is shown on Plate LXXIX. 

Referring to this illustration it will be noticed that the instru¬ 
ment is in appearance very similar to the standard American 
sounders, except that a permanent horseshoe magnet of con¬ 
siderable strength is bolted at right angles to the lower cores 
of the electromagnets, one leg of the magnet to each core. The 
armature is a piece of soft iron. It follows that' this use of the 
horseshoe magnet normally gives a certain polarity to the poles 
of the electromagnet cores. When a current is passed through 
the electromagnet coils it will either increase or lessen the strength 
of this induced magnetic polarity, and will cause the electromag¬ 
net cores to attract their armature more strongly if the current 
through the coils is in such direction as to work in conjunction 
with the magnetism of the cores due to the horseshoe magnet, 
or, if the current be in opposite direction, the magnetic effect on 
the armature may be neutralized, or at least nearly so, allow¬ 
ing the spring to raise the lever. 

The sounder is made adjustable so that the lever w T ill remain 
up until pulled down, and vice versa. This is termed <£ adjust¬ 
ing the sounder to its neutral position.” Or a bias can be 
given to the lever so that it can be pulled down, but when released 
will return to the “ up ” position (and conversely). This latter 
adjustment enables the sounder to be used as an ordinary main 
line (or local) instrument. 

There appears to be nothing that the ordinary sounder will 
accomplish that cannot be equally well accomplished with the 
polarized sounder, while on the other hand the position of the 


*Maver’s “ American Telegraphy,” p. 240, edition 1912. 
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lever of the latter will be reversed by reversals of current flow, 
which is not the case with the ordinary sounder. This feature 
makes the polarized sounder desirable for the following reasons. 

Due to the fact that the sounder is polarized and may be dif¬ 
ferentially wound, the instrument can be readily duplexed, re¬ 
sponding" (Fig. 1) to a current flowing into it from the line, but 
not responding (Fig. 2) to a current flowing through it from its 
own station, provided R (non-inductive resistance) equals the 
resistance of the line and that the capacity of the line is also 
balanced in accordance with the usual arrangement of duplex 
circuits. 

It will respond to a current flowing for an instant in one direc¬ 
tion, and its armature w r ill remain attracted (or repelled) until 
acted upon by an instantaneous current in the opposite direc¬ 
tion. Such a current would be produced by the secondary coil 
of an induction coil when the primary circuit is made or broken. 



Figs. 1 and 2 Fig. 3 


It will operate in the same manner on certain lines in series with 
a condenser, as shown in this paper. 

It can be placed directly in the line circuit without a relay 
or a local battery, and will give firm, readable signals similar 
to those obtained in a local circuit, with line currents of the 
ordinary strength used for operating ordinary relays. It gives 
excellent results on underground lines. As it can be adjusted 
to operate perfectly through a condenser it is a valuable instru¬ 
ment on lines subject to disturbances by earth currents. 

Tests of this sounder seem to show that it is superior in action 
to an ordinary main-line sounder; that it can be used as a local 
sounder with good results; that it can be operated equally well 
on closed or open circuit lines, condenser lines, and induction 
lines; that used as a polarized relay it is very sensitive. 

The following are a few circuits with which the sounder can 
be advantageously used. 

Fig. 3 shows the method of connecting the sounders on simplex 








PLATE LXXIX 
A. I. E. E. 
VOL. XXXI, 1912 















1912 ] 


GUILD: MILITARY TELEGRAPH 


1433 


double-current split battery open-circuit working. The sounders 
are adjusted to the neutral position, and a double contact key is 
used. Ten milliamperes are required to operate the instruments. 
A switch to throw from sending to receiving is shown. Con¬ 
densers may be placed in series with the line at a if desired. 
In this figure East is sending and West is receiving. 

Fig. 4 represents a central battery system; the battery CB is 
located at the central station. The line is taken from the point 
0 through a resistance of some two thousand ohms, and the first 
set is at the central station. Other lines may be connected at 
0 as shown, each one of them being first carried through two 
thousand ohms of resistance. Polarized sounders are used at the 
central and at the way stations, and a two-microfarad condenser 
is in series with each sounder as shown, the sounders, condensers, 
and keys being bridged between the line and ground. 

The action of this current is as follows. When the line is 



at rest the battery C B charges all of the condensers on the line, 
then when any one station, Station A for example, depresses the 
key a short path to ground is furnished through Station A for the 
discharge of all the other condensers on the line, which actuates 
their polarized sounders. A path to ground for battery C B is 
likewise furnished through Station A when this station depresses 
its key, hence the necessity for the resistance of about tw r o 
thousand ohms in order that the battery be not short-circuited. 
The sounder at Station A is not affected by the depressing of the 
key at this station because its condenser is not discharged. When 
the key at Station A is raised all the condensers on the line are 
again charged, due to the fact that the path to the ground is now 
interrupted. 

This circuit operates nicely, an objection to it being, however, 
that the sender does not hear his own instrument while sending, 
unless another souader is added. 
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The use of the sounder with closed or open circuit lines is 
identical with that of the ordinary sounder. The use of the 
sounder as a repeating relay for repeater stations is shown later. 
It is admirably suited to this use, due to the particular manner 
in which it is made and to its sensitiveness. Most of the cir 
cults due to the writer that appear in this paper are based upon 
this use of the sounder. 

Although the use of this sounder with closed, open, and 
condenser circuits has been briefly mentioned in preceding pages, 
the real purpose of this paper is to deal with this instrument par¬ 
ticularly with reference to its use with induced currents, for it is 
in the field in time of war that this sounder excels, due to the 
fact that ideal conditions of line cannot be maintained and that 
the transportation of means for development of electrical energy 
is a difficult problem. The ordinary semi-permanent lines and 
field lines will seldom be over 300 miles in length, and, as will 
be subsequently shown, the induction field.set now in use, or 
one of improved type, will operate over this distance on three 
dry cells -without difficulty. If greater distance is required, the 
new sets devised by the writer can be employed as induction 
repeaters, allowing induction telegraphy to be used over any 
reasonable length of line on three dry cells per set. 

The writer has devised two induction telegraph sets designed 
to displace the induction telegraph set now used by the Signal 
Corps. One of these sets is intended for simplex working only, 
and is composed of the least number of instruments possible for 
efficient working. The other set is more complicated and is in¬ 
tended as a general repeater and also as an induction telegraph 
duplex set. Both of these sets will now be described. 

The simple set consists of one polarized sounder, one - key, 
one induction coil and three dry cells, all suitably and compactly 
boxed. This set will operate on simplex only, and has a range of 
about 300 miles on a line strung on poles, and will operate a few 
miles over a line of bare wire laid on the ground. 

Fig. 5 shows the circuits of this set. 

B , battery, three dry cells connected in series. 

K , closed-circuit key with switch removed. 

P, primary winding of induction coil, 2-ohm resistance. 

S , secondary winding of induction coil, 200-ohm resistance. 

P 5, polarized sounder, 200 ohms per coil. 

The ratio of winding of the induction coil is 1 to 100. The 
illustration on Plate LXXIX shows this simplex induction set. 
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The action of the polarized sounder (simplex circuit) in either 
of the induction sets just mentioned is as follows, reference 
being made to Fig. 6. 

This figure represents a battery B, key K } an induction coil 
with primary P and secondary S, and a polarized sounder P S 
adjusted to the neutral position. 

When the key K is depressed the current will flow through 
the primary coil in the direction a to b and will continue to flow 
until K is released. While this current is building up in the pri¬ 
mary coil an induced current will flow in the secondary coil 
from, say, a' to b' to d through polarized sounder coils in series 
to e and back to a', and will continue to flow until the current 
in the primary coil has reached a maximum, when the current 
in the secondary will cease, and the secondary coil then becomes, 
for the time being, totally independent of whether current is or 
is not flowing in the primary. Hence with the key depressed 
current may be sent from the distant station through the sounder 



Fig. 5 



Fig. 6 


in the same manner as could be done were the key not depressed. 
This shows that the key K may be either a closed or an open cir¬ 
cuit key, and battery B may be either wet cells of dry cells, 
that is, a current may or may not be flowing through the primary 
coil continuously, and the only effect on the polarized sounder 
in the two cases is that if the primary circuit is a closed cir¬ 
cuit the armature of the sounder will be left at rest on reverse 
contact to that when the primary circuit is an open circuit. Bear¬ 
ing this in mind it is evident that in all of the induction circuits 
herein shown the primary circuit may be a closed circuit if de¬ 
sired, care merely being taken to see thatt he battery is connected 
to the primary coil with the correct polarity, and no further 
remark concerning this point need be made. For the sake of uni¬ 
formity and brevity, however, all induction circuits herein are 
shown as operated on open primary circuit. 

Now, returning to the action of the sounder; it will be recalled 
that when the key K is depressed, an Instantaneous induced current 
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passes through the sounder from a r to b r . This current, though 
brief as to length of its duration, is sufficient to give enough 
electromagnetism to the sounder’s coils to attract the armature, 



which is held attracted upon the disappearance of the secondary 
current by the permanent magnetism of the sounder’s cores. 
Upon releasing the key K the primary current rapidly falls 
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off it) zero, a in 1 wink? doim* .«» indiums another momentary 
current, in tin* secondary mil and circuit. This second induced 
current; is now in the direction opposite to that caused by the 
closing of key A an*! pa ■■‘-■■•.si thrnue.h the sounder coils in an 
opposite direr!em to ‘he iormer induced current. Depending 
on its directum, the eke!roinapnette died.. o! this current in 
the coils of the sounder is. either totally or partially to neutralize 
the effect of the permanent mauudism of the cores, leaving 
little or no .induced maem -‘ism to act upon the armature, and 
consequently the sprint: on the lever lias time to raise the lever 
and its armature to ih, ” up *’ position. In tin* ** up M position 
the armature is too far aw as irmu the e**r.-s of f.he coih; to he 
affected much hv flu* pt-nunnem ? names? ism in them, and hence 
when the lever is. allowed to so up if remains iImre. Thus 



! m s 


hv elosiny and opening the primal v circuit hv means of I he key 
A the armature is math' to re".pond to I here action:; and the 

Sounder jUVrs the desired ivudihps 

An the roundel operates *m direct *«m of euto.mt.di will he 
noticed that coined me t.li«s h,* it ere to primary coils with reversed 
polarity or rev cramp, the terminals «;*i the see*tudary coil will 
have tie* elf ret of lutismy the induced otrrvtif. to pa through 
and operate the sounder iwcr-rlv. 

In us,trip the sounder as a is prapus jelav on certain circuits 
use is. made of the tact that current may he pa-srd through each 
coil separately, the lever !rm ( ; :.*■* adjusted that the armature 
will In* hold hv ih*.' Mirren! m hut orw roil, 

The ilhcaralioii on Plate LX XIX show d hr induction repeater 

SC l, 

In discussing the *#j:« ration of the induction repeater net 
down hijdie illustration reference will he made to Figs. 7 and 8. 
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Fig. 7 shows the actual wiring and apparatus of this repeater 
set and Fig. 8 shows the wiring diagrammatically. 

PRS , polarized relaying sounder, 200 ohms per coil. 

/, induction coil: 

p 7 primary of induction coil, 
s, secondary of induction coil. 

R, resistance box. 

C\ condenser. 

R', 150-ohm pony relay wound with No. 34 enameled wire. 

b, battery, consisting of three No. 6 dry cells. 

A , double-throw double-pole switch for reversing the di¬ 

rection of the secondary current through the polar¬ 
ized sounder. 

B , double-pole double-throw switch for throwing from 

simplex to duplex, as desired. 

C, double-pole double-throw switch for reversing the direc¬ 
tion of the primary current through the primary of the induction 
coil. The handle of the switch has a slight lateral motion on 
a horizontal axis so that as the switch is being thrown by hand 
a contact is maintained by this handle in order to keep the pri¬ 
mary circuit closed while the switch is being reversed. This 
action of the switch is necessary only when the set is used as 
the terminal station of a simplex induction line which is repeating 
into a closed-circuit line. The switch thus serves to leave the 
distant polarized relaying sounder on proper contact when the 
induction line is finished working, in order that the closed-circuit 
line will not be left open at the repeater station. 

ZL, binding post for induction line wire. 

IG , binding post for induction ground wire. 

CL , binding post for closed-circuit line wire. 

CG, binding post for closed-circuit ground wire. 

.v, contact point on under side of handle of switch C. 

/z, single-pole single-throw switch for opening the line. 

m, single-pole single-throw switch for opening the primary 
circuit of battery b to prevent its being closed by relay armature 
when relay is not in use. 

The induction repeater set just referred to is so constructed 
that it may always be ready for use on the following circuits, 
by merely throwing certain switches: • 

As the terminal station of a simplex induction line. 

As the terminal station of a duplex induction line. 

As the repeater station of a simplex induction line repeating into a 
simplex closed-circuit line, one set used at the repeater station. 
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A.s tin* ri'jfatrr slat.it.» uf a simplex induction lino repeating into an 
open riivuil line, tmu net, used at tlm repeater station. 

As I he repeater station of a simplex induction line repealing into an¬ 
other simplex induction line, two sets being used at the repeater station. 

By using the inst run ton Is <>i the set and slightly altering the 
wiring these sets may he used as follows: 

As the terminal or intermediate station of a closed-circuit line, simplex. 

As the repeater station of a simplex closed-circuit line repeating into 
another simplex dosed ciivui! line, two sets used as repeater. 

As the repeater station of a simplex closed-circuit line repeating into 
a simplex open-circuit line, two sets used as repeater. 

As the repeater station of a simplex open-circuit, line repeating into an¬ 
other simplex open-circuit line, t wo set a used as repeater. 

Thu following is a brief description of the various circuits 
included in t he repealer induction kit to which reference has 
just been made. 

Pig. U illustrate:; the operation of a simplex induction circuit 
using a polarized sounder. 




, •’•■O ' 


Fm 


*» 


Kit;, m 


This figure is the terminal slat ion of a simplex induction line. 
On depressing ihe key K of this station a secondary current 
is caused to How through the polarized sounders of this and the 
distant station, causing the armatures of these sounders to be 
actuated. As these sounders have been adjusted to the neutral 
position the armatures remain attracted at the cessation of the 
secondary current. On opening, the primary circuit by means 
of the key K another secondary current in the opposite direction 
is caused to flow through both sounders,allowing them to release 
their armatures, which armatures remain released at the ces¬ 
sation of this secondary current. Hither station may break 
by opening flu* switch h. 

Pig. HI illustrates the theory of one terminal station of a. 
duplex induction line, using a polarized sounder. 

H and (’are artificial line resistance and capacity respectively, 
and the secondary current induced by the closing of the key 
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K divides equally through the differentially wound coils of the 
sounder and does not actuate its armature, but the portion of 
this induced current that goes out on the line does actuate the 
distant sounder as it does not divide through the coils of that 
sounder. In the same manner the distant station may operate 
this station’s sounder without interfering with its own, and the 
line becomes an induction duplex. One feature of this duplex 
circuit that should commend it is the fact that the resistance and 
capacity of the artificial line need only approximate that of the 
line; the instruments will operate perfectly on a considerable 
discrepancy between the two lines, the real and the artificial. 
The experiments that the writer has had an opportunity to 
conduct with this circuit seemed to show that it makes little 
or no difference whether the resistance of the line is increased 
or decreased within reasonable limits, limits such as would ordi¬ 
narily affect the closed-circuit duplex quite seriously. 



Figs. 11 and 12 illustrate the theory of an induction to an in¬ 
duction repeater. 

The repeater station is composed of tw r o induction repeater 
sets, X and Y , battery b f being of the closed circuit type. The 
terminal stations are each composed of one of these repeater 
sets, with switches thrown to “ duplex ” but in reality operating 
as simplex sets. This is accomplished as follows. 

West is sending—the make and break of the primary current 
at West’s station induces a secondary current through West’s 
polarized sounder, and this current divides through the coils of 
this sounder, thus not operating it. The portion of the induced 
current that goes to line passes through the coiis of the polarized 
relaying sounder X in multiple and operates X, causing the lever 
of X to rise when West’s key is depressed. The rising of the 
lever of X opens the circuit of battery V and causes pony relay 
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IP to release it.:; annalim*. This causes current to flow through 
the primary of AT; induction coil and semis an induced current 
through the polarised sounder of' A* divided!v, not operating this 
sounder, hut tiie portion that- passes to line does operate the 
distant West sounder, lienee as West, sends he hears his own 
sounder operate, with perhaps a very slight dray, hut not enough 
to he bothersome. 

Returning now lo the repeater shit ion the raising of the 
lever of X 's sounder, as lias heen staU*d, breaks the. circuit from 
battery //. This, causes R.< to release* its armature and the 
opera tion ni t described for X occurs with F,aml tin* distant 
Hast sounder is operated, the rontnet of F being eh>sed all of 
the. time* due to the dividing *»! the current through F f s coils 
equally. Hast may break by closing Ids key. Tins causes the 
induced oim'itt from Hast V* station to release FT lever and open 
the battery of battery h* at F‘s comae!.,, am! the armatures, of 



too, 


12 



both pony relays, Ah and A*-, dose the circuits for batteries A. 
These contacts remain dosed as long as Bast's key is dosed, 
ami West's sounder heroines and remains silent. Before West 
can read Hast he must rinse the contact on the polarised relaying 
sounder A*. This* is done by means of the switch (* described 
in the discussion of Fig. K 

It is not necessary that, the West and Hast stations he wired 
as for duplex as shown m Fig. 11, hut if open circuit cells are 
used, as they would be in army field kits, this manner of wiring 
is necessary, if, however, closed-circuit cells are used at these 
terminal stations, the simplex wiring shown in Fig. I* will suffice, 
a dosed primary circuit being used, Of course* the latter would 
he much the simpler method. 

Fig. 12 differs from Fig. 11 only in the manner in winch the 
pony relays of the repeater sets are connected to their closed- 
circuit batteries. Only the wiring of tin* repeater slat ion is 
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here given, the wiring of the terminal West and East stations 
being the same as that given in Fig. 11. 

Fig. 12 operates in much the same manner as just described 
for Fig. 11 except that when West is sending, his own sounder 
remains silent and operates when-East breaks, for in this case 
West’s sounder can be operated only by the contact of Y being 
opened and closed. East may break in either of these two 
methods of wiring by merely opening his line switch. This 
destroys the balance of the line for the Y set of the repeater 
station, and in the first case W'est fails to hear his own sounder 
when he should hear it if East had not broken, and in the second 
case the opposite obtains. 

The choice of these two circuits depends on what is desired. 
For instance, Fig. 11 is the better circuit if the terminal stations 
are to be wired for duplex operation (using dry batteries) and 
if there is only one repeater station on the line. Fig. 12 must 



be used if there is more than one repeater station on the line. 

Fig. 13 illustrates the theory of an induction to closed circuit 
repeater. 

As described for Fig. 11, the polarized relaying sounder of 
the repeating set does not operate when East is sending. When 
West closes his key he causes the polarized relaying sounder of 
the repeater station to operate, thus breaking and closing East’s 
closed-circuit line at the contact point on the polarized relaying 
sounder of the repeater set. This has exactly .the same effect 
on West’s sounder as described for the operation of Fig. 11, and 
West hears his sounder as long as East does not break. When 
East sends to West the former opens his closed-circuit line at his 
key and consequently allows the pony relay R ' of the repeater 
station to release its armature and send an induced'current over 
the line, to operate West’s sounder, at the same time not inter¬ 
fering with the position of the lever of the polarized relaying 
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sounder of the repeater station. West may break East by de¬ 
pressing his key or by opening the line. West must leave the 
lever of the polarized relaying sounder of the repeater station 
on down contact when through working. This is accomplished 
by means of the switch C previously referred to. As in Fig. 11, 
it is the “ back kick ” of the repeater station that operates 
West’s sounder. 

The arrangement of circuits and apparatus shown in Fig. 13 
is operative on a line where there is only one repeater station 
on the line, but where a closed-circuit line repeats into an in¬ 
duction line and this line in turn repeats into another induction 
line the wiring given in Fig. 13 will not operate, and the repeater 
station must be wired in accordance with the arrangement shown 
in Fig. 14. 

Fig. 14 illustrates the theory of an induction to closed circuit 



repeater, the repeater station only being given. The terminal 
stations are shown in Fig. 13. It will be noticed that a 150- 
ohm pony relay is employed in this circuit as in the others, 
but that it is shunted with 40 ohms resistance. This is done 
merely to retain the instruments composing the induction re¬ 
peater set. This relay might be a 20-ohm relay and in this 
case it would not be shunted, and the battery b might be reduced 
in voltage. 

This circuit, Fig. 14, is composed of the induction wiring for 
duplex for the left half of the repeater set, while the right half 
utilizes the individual coils of the polarized sounder separately. 
The battery V may be either of the closed or'open circuit type. 
In this circuit it is supposed to be the latter, consequently the 
armature of Y is given a natural bias that will cause it to re¬ 
main normally on down contact but the presence of a current in 
either one of its coils will allow the spring to draw it upward. 
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If battery V were a closed-circuit battery the armature of F 
would be adjusted reversely. The operation of this repeater 
requires that X shall remain unaffected while East is sending 
and that Y shall remain unaffected while West is sending. The 
method whereby the former is accomplished has already been dis¬ 
cussed for other repeaters, and it remains only to show how Y re¬ 
mains silent when West sends. The closed-circuit line is brought 
into Fat post 4 and passes through one coil of the polarized relay¬ 
ing sounder, leaving that coil at post 2 and passing to ground 
through the armature of the pony relay R'. As long as the arma¬ 
ture of X is closed battery b discharges current through the pony 
relay R' y and holds the armature of this relay closed, and as the cir¬ 
cuit from a through the contact points of X to c is practically 
short-circuited no appreciable current will flow through the left 
coil of Y as long as contact at X remains closed; hence the arm¬ 
ature of F will be affected by the presence or absence of current 
in the right coil of F only. 

As East opens the closed-circuit line he removes current from 
this right coil, and the armature of F being no longer drawn up 
by current in Y , as stated, this armature goes to down position 
and closes the circuit of V and causes an induced current to 
flow over the West induction line and throws West's sounder to 
up contact. Therefore as East closes and opens his key he 
causes West s sounder to respond. On the other hand when West 
sends he causes the left polarized relaying sounder X to operate 
and when X releases its armature it removes the low-resistance 
shunt from around the left coil of the polarized relaying sounder 
F and battery b now discharges current into this left coil which 
keeps the armature of F up. At the same time the armature of 
the pony relay R' is released, due to the fact that its spring is 
so adjusted that when the contract of X is closed the battery 
b gives R sufficient current to attract its armature, but when 
the contact of X is open and the resistance of the 200-ohm 
coil of Fis added to that of R f the current from battery b is 
not sufficient to hold the armature of R\ The opening of 
R' opens the closed-circuit, line at this point and consequently 
operates East's sounder accordingly. It will be evident that 
care must be exercised to see that the main line battery of the 
closed-circuit line and the local battery b are connected to F with 
the correct polarity to cause F's armature properly to respond 
to current in either of the coils of F. The spring of R' must be 
so adjusted that the armature of R f will remain closed on the 
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strong current but will be released on the weak current passing 
through the relay R'. This is amply sufficient to eliminate the 
necessity for a fine adjustment of relay R'. 

Fig. 15 illustrates the theory of the induction to open circuit 
repeater. 

As this circuit differs very little from the theory of the induc¬ 
tion to closed circuit repeater given in Fig. 13 it is not considered 

necessary to discuss its opera- 

=71 majn l tion. 

!/ If I i ™ Fig. 16 illustrates the theory 

^- WEST :/ m ftl ? east—> r.1 

induction linr or the open circuit to open cir- 

" I OPEN CIRCUIT x A 

j UNE cuit repeater. 

This is the theory of an open 
w circuit to open circuit repeater 

p IG> 15 given in Maver's “ American 

Telegraphy/' except that polar¬ 
ized relaying sounders are used in place of ordinary relays. 
When West puts battery to line he causes the right pony relay 
R 2 to close its armature. This closes the local battery circuit 
of b' and closes the armature of Y, which in turn puts battery 
to the East line and operates East's sounder. East may break 
only by operating his key and interfering with West's sending. 

Fig. 17 illustrates the theory of the closed circuit to open 



Fig. 16 


circuit repeater that depends for its action on the employment 
of a polarized relaying sounder. 

The instruments composing this repeater are one polarized 
relaying sounder, one 150-ohm relay and one 20-ohm relay. 

The closed-circuit main line battery C B normally holds the 
armature of the polarized relaying sounder on down contact. 
The breaking of this circuit throws this armature to up contact 
(by means of the upward bias previously given to the lever) 
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and puts the open-circuit main line battery OB to the open-cir¬ 
cuit line unless the contact of relay R 2 has been broken, as would 
be the case if West were sending to East, for then the short 
circuit (the armature of R 2 ) has been removed from the local 
battery b and this battery now furnishes current to the polarized 
relaying sounder as well as to R l and holds the polarized 
relaying sounder's armature down, but releases the armature 
of R l j due to the fact that R 1 will hold its armature only when 
battery LB has been short-circuited by means of the armature of 
R 2 ; the releasing of armature R l opens East's line. It must be 
remembered that the West line normally has no current in it, 
hence the armature of R 2 is normally on released contact as 
shown. The only way East may break West is to interfere 
with West's sending, but West may break East in the ordinary 
manner. This repeater may be quite coarsely adjusted and 
yet give excellent results. 



Fig. 18 illustrates the theory of the closed circuit to closed 
circuit repeater using polarized relaying sounders. 

It will be noticed that two 150-ohm relays shunted with 40 
ohms resistance are used. This is only to allow the instruments 
in the writer's induction repeater set to be employed; in prac¬ 
tise it would be better to employ two 20-ohm relays in place of 
the 150-ohm instruments. 

It will also be noticed that the armature of X is a shunt to 
relay Y and likewise the armature of X' is a shunt to Y'. This 
repeater operates on the principle described for the one half of 
Fig. 14 and it is therefore not deemed necessary to describe its 
action more fully. However, as the setting up of this repeater 
is apt to give trouble to one not familiar with its operation, the 
method of doing so is here given. 

Adjust the armatures of X and X 1 so that they will normally 
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remain on up contact, or stop, when no current is in either coil, 
but will be readily attracted by a current of from 20 to 40 milli- 
amperes flowing in one coil. Bring West line to post 1, connect 
post 3 with V, g', and battery h ', to ground. This should cause 
the armature of X to be attracted or released as contact is made 
or broken at b; if X acts reversely transfer wires at posts 3 and 
1 or change the polarity of the main line battery h'. 

Do the same with X' if necessary. Assuming the proper 
connections to be as in the figure, temporarily disconnect West and 
East lines from posts 1 and 4 respectively. Wire in relay Y 
as follows: relay to d, to a, to /, cto 1, and to relay. If a 150- 
ohm relay is used, shunt with 40 ohms as shown. Now close 
and open armature X contact at / and adjust relay Y armature 
so that it will just respond to the closing and opening of /. Do 



the same with relay Y'. Now see that contacts at / and /' are 
broken and kept broken temporarily and wire a to 3h This 
connection should cause armature of X' to close and remain closed 
but should not close relay F armature. If X' armature is re¬ 
pelled instead of attracted reverse the polarity of battery d. 
Close and open armature of X. This should cause the armature 
of X' to open and close, and the armature of Y to close and open. 
Now disconnect wire at 3' for a moment and see that armature 
of X' is up. Wire a' to 2. This should attract armature of X 
but not that of relay Y'. If it repels, reverse the polarity of 
battery d'. Now close and open the armature of X'. This 
should open and close the armature of X, and close and open 
the armature of relay Y'. Now connect all disconnected wires 
(at 1, 4', and 3') and repeater should operate. 

The writer advocates the use of the polarized sounder exclu- 
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sively on all Army Signal Corps land lines in time of war, and 
believes that this sounder has widened the possible scope of 
induction telegraph circuits for the more advanced lines in the 
presence of the enemy, the closed-circuit system being used on 
only such lines as may be considered permanent lines. Con¬ 
sequently the writer has endeavored to produce a telegraph 
field set that will meet every possible telegraphic condition 
likely to be encountered by troops in the field. This set must 
be compact in size, contain few instruments, be simple in opera¬ 
tive principle and easy and ready of adjustment. 

It follows that such a set must combine the closed circuit 
and induction telegraph features. It must, either alone or in 
conjunction with a duplicate set, be able to repeat from any one 
kind of a simplex line into another kind, in order that a partially 
destroyed line can be hastily £C patched ” or extended. It is 
not necessary, however, that such a set be used on duplex or 
quadruplex, as such lines cannot, as field lines, be well main¬ 
tained in time of war. On the other hand, an induction tele¬ 
graph line of this type may be easily duplexed, consequently 
it would be advantageous to have such a set capable of being 
used as a terminal station of a duplex induction line. 

Hence it will be seen from the foregoing that the set fulfills 
practically all the requirements of a station set for virtually 
any kind of a military telegraph line that might be employed 
by armies in time of war. 

In order to accomplish these results the writer determined 
upon the necessary instruments to use with such a set, then ho 
adapted well-known circuits to these instruments wherever this 
was possible, and where not possible he either altered those cir¬ 
cuits to fit the instruments used, or devised new circuits to 
accomplish the desired results. 

Acknowledgment is therefore due the British Insulated and 
Helsby Cable Company for the circuit shown in Fig, 3; to 
Mr. Stephen Dudley Field for the circuit shown in Fig. 4; 
to Mr. William Maver, Jr., in his “ American Telegraphy,” 
for the circuit shown in Fig. 16, which has been slightly altered 
by the writer; and to Major Edgar Russel, U. S. Signal Corps, 
for valuable assistance given the writer in some of his experi¬ 
ments with these circuits. The other circuits in this paper are 
believed to be original circuits. Of course no originality is 
claimed for the principle of operation of an induction telegraph 
circuit. 
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MEASURING STRAY CURRENTS IN UNDERGROUND 

PIPES 


BY CARL HERING * 


The measurement of stray electric currents flowing through 
buried conductors, such as pipes, and generally originating from 
an electric railroad or other grounded system of electric distri¬ 
bution, is attended with various difficulties, particularly in the 
determination of the current which enters or leaves the under¬ 
ground pipe through the surrounding earth, and as it is the cur¬ 
rent which leaves a pipe in this way that corrodes it electro- 
lytically it becomes important to be able to locate and measure 
that current. Another important measurement is to identify 
the original source of the stray current. 

The purpose of the present paper is to describe several methods 
which the writer devised some years ago, for making these meas¬ 
urements, and which he used with success at that time in a prac¬ 
tical case. The present description is published with the per¬ 
mission of the party for whom the measurements were made. 

One of the problems given to the writer was to measure the 
currents in a pipe and to locate and measure the currents leaving 
it through the earth, by methods which were positive and not 
based on any questionable assumptions, and the results of which 
could be used as reliable evidence in court. Another was to 
identify the source of the stray currents flowing in pipes so as to 
establish the responsibility for them in legal proceedings. The 
methods therefore had to be unquestionably correct, and free 
from any questionable assumptions. 

The usual method which consists in measuring the drop of 
potential in millivolts between two fixed points on one length of 
pipe exposed for that purpose, and then calculating the current 
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from an assumed resistance of the pipe, would not answer the 
requirements, as the resistance of the pipe is a mere assumption 
which may be far wrong, even when based on measurements of other 
presumably similar pipes before they are laid. A little thought 
will show 7 that such a test at best is only a crude one and the 
results would not be likely to stand the usual attacks in court 
proceedings. Even though many pipes may have been measured 
before laying and found to agree fairly well, there is always the 
uncertain factor of the wall thickness of that particular piece 
of pipe in sendee on which the drop of potential was taken. It 
is customan 7 for instance in laying water pipes over a rolling 
country to use varying thicknesses as the pipe crosses a valley 
or a hill, and it is of course impossible for the one making the 
electric tests to measure this thickness himself. Drilling through 
or cutting the pipe was not permitted, as it w 7 as in service. 

The method of using the academically interesting-ground cur¬ 
rent detector, for measuring the current passing through a definite 
cross-section of the ground near the pipe, was also excluded, as 
it involves disturbing the very conductor through which the 
current had been flowing, as also the assumption that the dis¬ 
tribution of this current in the ground is uniform, which is not 
only not likely but highly improbable; in any case it is based on 
mere assumptions, and is therefore not positive and direct. 

A magnetometer method was tried by suspending over the top 
of the exposed pipe an astatic couple having a long distance 
between the two needles; the lower needle was brought to a 
fixed distance from the outride of the pipe, hence within the field 
produced by the current in the pipe, while the other was far 
enough away to be practically outside of that field. The sys¬ 
tem will then tend to place itself perpendicular to the pipe, hence 
by bringing it parallel to the pipe by means of a torsion wire or 
a current in a neighboring coil, a measure of the external magne¬ 
tic field and therefore of the internal current is obtained. This 
would be an extremely simple method, but it was found that the 
magnetic field around such a pipe was extremely irregular, the 
surface of the pipe showing numerous irregularly distributed 
poles; it was therefore also abandoned. 

After trying out numerous other methods the following were 
found to be the best and were the ones actually used. 

The fundamental principle is as follows. Let P, Fig. l,be 
a part of an underground pipe which has been uncovered and 
through which an unkown current I is flowing as shown; at first 
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let it be supposed that this current is steady, and of course a 
direct current. Let D be a sensitive galvanometer, millivolt- 
meter or any other form of detector of small differences of poten¬ 
tial, connected as shown; there should preferably be no variable 
resistance like an unbonded pipe joint between the two contact 
points. Let A be an ammeter, JB a few cells of accumulators and 
R an adjustable resistance; the shunt circuit containing them is 
connected, as shown, anywhere outside of the points of application 
of the voltage detector, the farther away the better—they may 
even be on the other side of a joint. 

To find the current flowing in the pipe adjust the resistance R ■ 
until D reads zero; then there will no longer be any current 
flowing in the shunted part of the pipe, hence the reading of the 
ammeter will give the current I in the pipe. The current may be 
said to have been sucked out of the pipe by the battery, and made 
to flow through the ammeter, where it can be measured; as far 
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as the current in that short section is concerned the pipe circuit 
has in effect been electrically cut in two as though an insulating 
joint had been introduced. 

If D is a galvanometer with proportionate deflections, ins tead 
of a mere detector, then by taking a deflection immediately after 
the shunt circuit has been opened a reading proportionate to the 
drop of voltage for that current will be obtained. The instru¬ 
ment D is thereby calibrated to read the pipe currents directly and 
can be used for this purpose thereafter; the test with the battery 
current is therefore merely of the nature of a pr eliminar y cali¬ 
bration, and need be carried out only once for each station. 

If in addition this voltage instrument is calibrated to read 
directly in volts (usually in terms of milli- or microvolts as for 
instance a millivoltmeter,) then if the deflection reduced to 
millivolts is divided by the current it will give the resistance of 
the pipe in milliohms between the two points of application of 
the voltmeter; hence it enables the true resistance of the pipe 
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to be measured. The distance between the two contact points 
is best made an exact number of feet, which standard length is 
then preferably kept the same for the whole series of tests on that 
line of pipes. From the resistance per foot obtained from tables 
a rough check of the measured result may be obtained. 

In most cases it is advisable to make these connections for the 
voltmeter permanent and to bring wires from them to the surface 
before filling in the hole (being careful to mark one of them with 
a knot), for having once obtained the constant from this test with 
care, the current in the pipe can be measured any time thereafter, 
correctly and very simply with a mere millivoltmetcr. . lhc 
most convenient form of this constant is the amperes per millivolt, 
which is numerically equal to the conductance in kilomhos. 

The current which leaves or enters a pipe between any two 
points or stations can then be determined by making this cali¬ 
bration at each of the two stations and then taking simultaneous 
readings of the currents in the pipe at the two stations with two 
millivoltmeters or calibrated galvanometers; the difference 
between these currents will then show the amount of this cur¬ 
rent, and whether it is leaving or entering. 

This becomes possible by this method because it is a positive 
one, involving no questionable assumption, and because the 
measurements can be made with all necessary accuracy, if one 
has sufficiently sensitive and reliable instruments; it can therefore 
be depended upon to measure the current with sufficient 
accuracy at two neighboring stations so that the difference between 
the readings gives a reliable measurement of the entering or leav¬ 
ing current. If the pipe current measurements were dependent, 
as they often are by the older method, on an assumed pipe 
resistance, such a measurement based on taking the difference 
between two currents would not be permissible, as the probable 
error would be so great that the results might even make it. appear 
that the current was entering when it was in fact leaving the 
pipe. 

In this method shown in Fig. 1 there should be no current, 
leaving or entering the pipe between the points of application 
of the shunt, hence the hole should be free from water and there 
should be no moist earth in contact with that part of the pipe. 

It is assumed in this method that the short length of pipe 
between the shunt contacts is too small a fraction of the whole 
circuit of the pipe line currents to alter these currents when that 
section is practically cut out of circuit, as it is when the current 
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flows through the shunt. This assumption is probably abso¬ 
lutely safe in all cases in practise. 

As this method is not in any way concerned with the nature 
of the circuit beyond the single pipe length under test, nor with 
the rest of the path of the current, it can be applied to the most 
complex network of pipes, even when the pipes are interconnected 
together elsewhere or bonded to the track. 

In measuring the pipe resistance by this method, or in general 
when the voltage drop is measured, it is of course assumed that 
the current is constant while the two successive readings are 
taken, hence it is recommended to repeat the two readings a 
number of times. When this constancy of current cannot be 
assumed, one of the modifications of this method described 
below may be used. 

A portable millivoltmeter with a full scale deflection of 10 
millivolts has divisions of 0.1 millivolt, hence can be estimated to 
0.01 millivolt. If a 16-in. (40.6-cm.) cast iron pipe has a resist¬ 
ance of about 0.00001 ohm per foot (30.5 cm.), then say 5 feet 
(1.5 m.) will give a drop of half a division per ampere. This will 
give a rough idea of the range of measurements that can be made 
with a millivoltmeter. Improvements may perhaps also be 
made in these instruments to make them still more sensitive. 

When a portable galvanometer is used instead of a millivolt¬ 
meter in order to get greater sensitiveness, like the mirror and 
telescope galvanometers that were used in these tests by the writer, 
it is necessary to calibrate it for volts while in place before each 
test, hence a convenient way of doing so should be provided. 
With the accumulator, ammeter and rheostat available in this 
test, this is easily done by passing a known current through a 
known low resistance, giving a known drop which is then used 
to calibrate the instrument. Such a galvanometer should be 
provided with the usual shunts, and if so it can also be cali¬ 
brated with a millivoltmeter which is always at hand for such 
tests. 

When such galvanometers are made extremely sensitive, as 
would be desired for instance when the pipes are very large and 
thick or the current very small, they are apt to have a loose zero 
or give somewhat indefinite deflections. Attention is therefore 
called to the fact that small deflections, when they are very 
definite and when the instrument has a rigid zero, as in a good 
portable millivoltmeter, may be more accurate and reliable 
than larger deflections in a galvanometer that is more sensitive 
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but has a loose and unreliable zero and less definite or not 
strictly proportional deflections. Instead of using exceedingly 
sensitive instruments it may be better to use greater lengths of 
the pipe, even to the extent of including a joint, which in that 
case should preferably be bonded so that it is not variable. 

In practise there are various very desirable modifications 
of the method which is shown only in its simplest form in Fig. 1. 

Instead of attempting to adjust the current in the shunt to 
bring the voltage D to zero, it is far more convenient to use a 
regular measuring instrument for D instead of a mere zero 
detector, and then to pass a definite current through the shunt, 
say 10, 50 or 100 amperes, and read the two deflections of D 
when this current is on and off; this had best be repeated several 
times. The difference between these two readings then cor¬ 
responds to that current, from which data the instrument can be 
calibrated to read in amperes. The best current to use is that 
which will reduce the original deflection as much as possible. By 
thus using the difference between a large and a small deflection 
the errors due to a loose zero, which are so common with highly 
sensitive instruments, are reduced. 

This method also has the advantage that an observer can 
read both A and Z), as he first adjusts the rheostat to give the 
exact predetermined current and after that can open and close 
the switch to throw this current on or off, without having to 
read the ammeter, this current being absolutely constant. He 
need, therefore, read only D. 

All the above applies to steady currents or to such as are 
steady long enough (a few seconds) to take two successive read¬ 
ings, as the voltage drop and the current cannot be measured 
simultaneously in the form shown in Fig. 1. In practise such 
stray currents are likely to vary continuously and often very 
rapidly. By waiting for a suitable opportunity when the current 
is practically constant for a short time, measurements of sufficient 
accuracy can often be made, and as this part of the test is only 
for the calibration, hence of a preliminary nature and needing to 
be made only once for each station, one is justified in taking 
more time for it. It may be facilitated by using an extra 
voltage detector applied somewhere outside of the shunted part 
(as in Fig. 3) and having an additional observer to call out 
when it is steady or to note whether or not it had been steady 
while the other pair of readings was taken. 

When, however, the fluctuations are too rapid, the following 
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x ^odification can be used; it proved to be very satisfactory in 
Practise, although somewhat more cumbersome, and requiring 
Additional apparatus, though no more observers. 

Let the left-hand side of Fig. 2 represent the same arrangement 
As in Fig. 1. A second voltage detector D is then added as shown; 

may be a sensitive galvanometer and need not be calibrated. 
■S' is a second shunt circuit containing a battery and an adjustable 
^^sistance which is operated by the observer of D , who keeps 
Adjusting it continuously so as to maintain the deflection in D 
constant. During that time the current will be steady for the 
o-fclier observer, who then completes a set of readings with the 
o*tlier instrument V according to the method shown in Fig. 1. 

The purpose of the additional shunt 5 is to take up all the 
^^ccess of the pipe current above a certain amount, thus acting as 
A sort of overflow, taking care of the peaks only. The observer 
of D must, therefore, use some judgment in selecting the deflec¬ 



tion at which the current is to be held constant; it should be kept 
about the base of the average peaks, but should not be too low 
for the other observer to get good readings for his calibration. 
It may be a different deflection for each set of readings of the 
other observer; the only important point is that the current 
should be held constant in that length of pipe for a long enough 
time to take two successive readings, requiring only a few 
seconds. 

Or, if practicable, the observer of D could shunt off the whole 
pipe current, thus making D read zero, and leaving the pipe 
entirely free from current for the other observer to make his 
calibration or any other test for which it is required to have the 
pipe free from current. 

The adjustable resistance for this extra shunt S should be 
made of a pile of carbon plates which are compressed by means 
of a lever so that the observer of D may quickly follow the vari- 
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ations of the current with it. Very good results were obtained 
with such an arrangement after a little practise. As the ob¬ 
server of D knows whether or not the current has been success¬ 
fully kept constant he can discard the readings of the other 
observer for which the current had not been constant. By 
taking the mean of a number of good readings, very satisfactory 
results were obtained. 

Having thus calibrated the voltmeter V at each of two neigh¬ 
boring stations, the currents which enter or leave the pipe 
between them may be determined, with the fluctuating currents, 
by taking the readings of the two instruments simultaneously 
by means of visual or telephonic signals, preferably at times when 
the currents are momentarily steady. 

It may be of interest to state here that after making the cali¬ 
brations in this way over miles of the same line of pipe, at 
numerous stations, to determine the places where the current 
enters or leaves, and its amount, and also to measure the current 
in the pipe itself, the results were finally all reduced to the resist¬ 
ances in milliohms per foot of pipe, in order to see how they 
agreed, as the pipe had nominally the same outside diameter 
throughout the entire length. They were found, however, to differ 
very greatly, far too much to be due to errors of measurement. 
The writer, therefore, concluded that the pipes in different parts 
of the line must have different thicknesses,, and upon examining 
the specifications according to which the pipe line was laid, this 
was found to be true, thicker pipes having been used in the valleys 
and thinner ones over the hills. Upon making comparisons 
with the specified thicknesses the results agreed very well with 
the measured resistances, showing the reliability of the method 
of measurement. 

Incidentally this also showed the serious errors which might 
arise by using the older method based on the assumed resistance 
of the pipe, it being often impossible to state, after the pipe had 
been laid and was in service, what thickness the particular piece 
under test had. In the present case those who made the 
electrical tests of this pipe line had not been informed that the 
pipe varied greatly in thickness. 

Another modification of the method for use when the currents 
are very unsteady is shown in Fig. 3. The apparatus is similar 
0 , a m Flg \ 2, ex cept that the additional shunt with its battery 
and rheostat is not required, but on the other hand three ob¬ 
servers are required instead of two. The positions of D and V 
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are now reversed, the important instrument V\ to be calibrated* 
being now placed beyond the shunt, while D, which may he a 
mere detector or galvanometer, is connected to the points within 
the shunted part. The resistances R and R need not now he 
equal as marked, on the diagram. 

The shunt current is first adjusted to some convenient average 
value of that flowing in the pipe, then as the latter fluctuates 
on both sides of this value there will be times when it is exactly 
equal to it; this is indicated by I) reading zero, and at that 
moment the observers of A and V take their readings. This can 
be repeated for different currents. The quotient of .1 divided 
by V should, then be a constant for all. the readings; this cali¬ 
brates the instrument V as it gives the amperes per division, and 
it can therefore bo used as a pipe current ammeter thereafter. 

This method was not tried, ft requires a battery, leads and 
connections large enough for the whole pipe current., and a 
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constant flow of the current for a lung enough time to get a 
number of good readings; this may sometimes require rather 
large battery and leads. But if the observer of P manipulates 
a carbon plate rheostat rapidly to keep Iris instrument, at stero, 
it ought not to take long to get a group of good readings. 

If in this method shown in Fig, 3, the instrument 1) is ala* a 
measuring instrument instead of a mere rero detector, then the 
following modifications can be used. The two instrument:; /> and 
V need not then, be calibrated in volts, hence they can b»* two 
unealibrated galvanometers, provided only that they are exact I v 
alike in giving the same deflections when connected in multiple; 
they may be adjusted to do so by a series resistance. Two good 
millivolt,meters would do in cases in which the deflections are 
large enough and accurate enough so that their diff'trniee may be 
relied upon as being an accurately measured quantity, for the 
present modification of the method is based on measuring this 
difference. 
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Having two such instruments, adjust the points of contact for 
either D or V so that the two instruments always read alike for 
the pipe current alone, however fluctuating that current may be. 
This, of course, must not be done by an adjustable resistance 
in the circuit of the instrument, but by moving the contacts 
on the pipe, hence this method cannot be used directly when all 
four of these contacts are drilled or soldered, although, it may 
then be used indirectly, as shown later. Throe of them may he 
permanent and the adjustment made with the fourth, 

Such connections mean that the two pipe resistances shunting 
these instruments are equal, as any current then gives the same 
drop in both. If now any known part of the current be sucked 
out of the pipe by the battery shunt as before, then, as the two 
resistances are equal, the difference between the readings /> and h 
must correspond with the difference between the two currents in 
these two parts of the pipe, and this difference between the cur¬ 
rents is of course equal to the known battery ouivut, A. 1 fence, 

dividing this known battery current by the difference between 
the two deflections calibrates both of the instruments for reading 
pipe currents thereafter, that is, either of them will then give 
the amperes per unit deflection. It is precisely like the method 
described above, except that the two readings which then were 
necessarily successive are now simultaneous. 

It will be noticed that as only the difference between, tin* two 
currents is now involved, and as this difference is always constant, 
the method does not assume even a momentary constancy of tin* 
pipe current, being entirely independent of it,; this current in the 
pipe may therefore fluctuate over wide ranges, the only impor 
taut point being that with such fluctuating currents the two read 
ings must be taken simultaneously. And as the calibration 
depends on the difference between two readings, the larger one 
should be as largo as possible and, the smaller one as small as 
possible, hence the battery current should be made us nearly 
equal to the pipe current as practicable. 

As the battery current in the shunt is m practise* governed 
entirely by the adjustable resistance In that shunt circuit, this 
local current will remain constant no matter how much the pipe 
current vaiies. Hence it can be adjusted and noted prior to the 
taking of the two simultaneous readings, thus saving one oh- 
server. Moreover, this shunt current can be adjusted to any 
convenient number of amperes, 10, 20, 50, etc., so as to simplify 
subsequent calculations. 
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As before, the above measurements will also enable one to 
calculate the resistance of those parts of the pipe which are em¬ 
braced by these two instruments, provided the latter are cali¬ 
brated to read in volts, and are not merely deflection instruments. 
The readings in millivolts, divided by the now known currents in 
amperes, give the pipe resistances in milliohms. 

If it is not convenient to adjust the contacts on the pipe so 
that the readings of the two instruments are alike, the inequality 
of these readings may be allowed for by calculation. For 
simplifying the rough mental calculations which a careful testing 
engineer should always make during a test to see that there are 
no grave errors, wrong connections or inconsistencies, it is advis¬ 
able to make the two distances' between the pairs of contacts 
approximately equal, so that the ratios between the deflections 
will be approximately unity. 

A preliminary test is then made to determine this correction 
factor accurately. This is done by taking a series of simultane¬ 
ous readings on the pipe current only, or if too small, then sup¬ 
plemented by the battery current, which should then be reversed, 
so as to add to instead of deducting from the pipe current, and 
it must of course now flow through both pieces of pipe, and not 
as shown in the figure. 

From this preliminary series of readings a good average value 
can be obtained for the ratio of the readings of D divided by 
the corresponding ones of V. Call this n. Then all subsequent 
readings of the instrument V in the main test must be multiplied 
by this correction factor n, to reduce them to what they would 
be if the two pipe resistances had been equal as at first described. 

In general, the modifications shown in Figs. 2 and 3 have the 
disadvantage, as compared with that in Fig. 1, that they require 
'an exposure of a larger part of the pipe; the alternative of using 
shorter lengths for each instrument is not recommended—these 
lengths should be as great as conditions permit, preferably each 
a whole pipe length. 

In the writer's tests the galvanometers had been designed for 
different conditions and were therefore somewhat oversensitive; 
the zero was too loose and the deflections were not as definite 
and accurate as desired to give the best results which these 
methods could give. The deflections of millivoltmeters under 
the existing conditions were considered to be too small and there¬ 
fore too unreliable for methods depending on calculations in¬ 
volving the relations of quotients and differences. The gal- 
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vanometers should have had stiffer suspensions, giving them 
more rigid zeros and more definite deflections, at a sacrifice of 
some of their sensitiveness. 

The present modification of the method was tried out with 
millivoltmeters in a single one of the tests of the arioveunenihmed 
series where the pipe current was greatest, and although the 
deflections were small, the calculated results seemed to in- con¬ 
cordant, although there was no way of checking them with results 
from other observations or with repetitions under different con¬ 
ditions. In the laboratory this latter method may be a very 
satisfactory one, but whether it will be so on a series of outdoor 
road tests should be determined by the testing engineer when he 
knows the particular conditions of the test and the character¬ 
istics and reliability of his instruments, ft has several very 
good features and might in some cases give; wry good result.'*.. 

Attention is here called to the great importance of having i In¬ 
directions of the currents correct in all these tests. 

In general, methods which give the final results as directly as 
possible and in intelligible form, are to be preferred to those 
of the indirect kind in which the readings themselves convey no 




meaning and in which Lhe final results must be calculated . 

more or less involved mathematical relations, which it may nut 
be convenient to work out during the test itself to see whether 
there are any grave errors, wrong connections, or inconsistencies. 
This is particularly true of road tests in which the apparatus is 
moved rapidly from station to station and in which holes are 
dug which must be filled in again as soon as possible,' in such 
tests it would be awkward to find later, when the calculation', 
have been made in the office, that there had been something 
wrong, requiring a repetition of an expensive test. 

Another objection to the indirect kind of tests, in whieh the 
final results are calculated from formulas, is that such formulas 
may involve quotients, differences and relations between them, 
and in such cases it may be the case that small inaccuracies in the 
readings mean very large ones in the final results, as for instance 
m taking the difference between two small and nearly equal 
readings.. And such inaccuracies may not be included in the 
academician’s calculated “ probable error,” as they may lie back 
of the readings. A rigid zero, definite and strictly proportionate 
deflections, accurate and strictly simultaneous readings Hr 
may be necessary for such calculated results. The indirect 
methods may be quite correct in theory and may give very good 
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results in laboratories where one may work out the best possible 
conditions, instead of having to take them as one finds them, as 
in road tests. 

The other test referred to in the introduction concur ns. the 
identification of the source of the stray currents in the pipes. 
This is often important in legal proceedings, for even if currents 
are shown to be flowing in pipes the question of where they come 
from still remains. 

The method devised by the writer, and used very successfully 
in a large number of tests, consists in taking a series of many 
simultaneous readings of the drop of potential or the current, 
in the pipe and in the track of the supposed source, especially the 
extreme high and low readings of the fluctuations, and plot¬ 
ting them together on the same sheet of eross-seetiou paper, using 
different scales if necessary to make the average ordinates nearly 
equal. If the prominent peaks and troughs of these two saw¬ 
tooth curves then correspond approximately with each other, 
there is no doubt that both the currents originate from the same 
source. If the curves are radically different then that track is 
either not the right source or at least is not the only one. 

In the tests referred to, these identification measurements 
were made over long stretches of several miles, with the aid of 
telegraph wires, but it is possible that good results could also 
be obtained in certain eases with nrillivoltmeters applied to 
stretches short enough not to require the use of long telegraph 
wires. The readings need not be in volts or amperes. They 
merely need to be proportional to them; hence the instruments 
need not be accurately calibrated, but, should give correct pro¬ 
portional deflections. Nor need the resistance of the telegraph 
wire leads be taken into account. 

Numerous other tests concerning such stray currents were de¬ 
vised by the writer which may he new, but those described above 
were considered to be the bust. There were also a number of 
oilier tests proposed and in part used in this series, but as they 
were devised in conjunction with others the writer does not feel 
at liberty to describe them here. 

As the above-described met hods for measuring the pipe cur¬ 
rents and resistances are. entirely independent of the rest of the 
pipe circuit or t he rest of the path of the current, they may also 
be applied to other tests than those of underground pipes, in 
which the rest of the circuit is also unknown or inaccessible, as 
for instance in measuring the resistance of a part of a circuit such 
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as a busbar, a permanently connected shunt, etc., thrmi h wl h h 
current is flowing and which is in service and can therefore not 
be cut or have its current interfered with. Or the eunv:p uwv 
be alternating. There arc of course numerous other 1 ».diiiea 
tions of the same general principle, which may be made in .. . iai 
cases. 

The apparatus used for the pipe current, tests consisted of two 
portable, low-resistance, suspension eoil, mirror and tci. :, 
galvanometers on tripods, of the type used for outdoor is: .ul.uioit 
tests, with the usual set of shunts, but made very scimTv, a 
the original requirements were to include measurements of wv» 
relatively very small currents in rather large pipes. Their .or. 



slants were about 0.001 millivolt per nun. For ordinary work 
they would not need to be so sensitive. Probably in munv case-, 
two sensitive but reliable millivoltmeters would'be sufln iem to 
carry out the above-mentioned tests; if so, they arc of course 
decidedly preferable on account of their portability, especially 
when high-speed automobiles are incessantly passing .-done the 
road uncomfortably close to the instrument and observer ’ 

. rest °f the apparatus consisted of a wire rheostat a ,-e 

S g ab W ou C t i00 SmaU P ° rtable ^ accumulator capabl’ .f 
ST? a n 1 ?° amperes - and a m illivoltmeter with several 
shunts tobeusedas an ammeter also, all conveniently mounted in 
a portable box serviceable also as a writing table A 
would probably have answered nearly as well. For the preferred 
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form of test showitin Fig. 2 there was in addition a carbon plate 
resistance with a lever for quick and strong compression, a 
second set of two cells of accumulators and a sensitive millivolt- 
meter. 

The form of the universal clamps finally adopted for making the 
contacts with the pipes is shown in outline in Fig. 4; these clamps 
proved to be very convenient. They spanned the pipe, making 
contacts for the same lead at two diametrically opposite points. 
The contact pins were made with hardened points which with a 
light hammer blow entered the pipe slightly and made serviceable 
contacts even for currents of 100 amperes. These pins were in¬ 
sulated from the frame so that they could be used for different 
circuits if desired. The clamps were made of light bicycle tubing 
and ordinary T-joints. 
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Discussion on “ Measuring Stray Currents in Under¬ 
ground Pipes ” (Hering), Boston, Mass., June 28, 1912. 

Albert F. Ganz: In electrolysis surveys it is important to 
measure the currents flowing on pipes. The most common 
method used for this measurement is to treat part of the pipe 
length as a shunt, and to measure the drop across this shunt with 
a sensitive millivoltmeter, and then to compute the current 
from the measured drop and from an assumed resistance of the 
included pipe length. The methods which Dr. Hering gives 
in his paper for measuring pipe currents involve essentially the 
actual measurement of the resistance of a length of pipe, which is 
part of a piping system. These methods are in fact special 
cases of a general method based on KirchhofPs first law, namely, 
that the sum of the currents flowing towards a junction point is 
equal to those flowing away from the point. This principle 
has been used before for measuring pipe resistances, and is 
mentioned on page 67 of the American edition of Dr. Michalke’s 
book on “ Stray Currents from Electric Railways ” published in 

1906. For a number of years 

mm - I have also used in special 

cases what is practically the 
10 1 2 last modification of the 

method described by Dr. 
Hering in the second para¬ 
graph of page 1458. In carry¬ 
ing out the method I have 
Fig. 1 used the connections shown 

in Fig. 1 of this discussion, 
similar and highly sensitive 
representing 0.1 millivolt. 


E* 


E s 


are 


The two millivoltmeters 

instruments, one scale division _ a ._ o . ... 

They are shunted across equal lengths of pipe, and a battery 
current ^is introduced in the middle, as shown in the diagram. 
I have found it convenient to use a battery current larger than 
the pipe current, so that the currents h and I 2 flow in opposite 
directions. The two instruments are first read simultaneously 
with the battery circuit open, in which case the readings are due 
to the stray current on the pipe. If the readings are alike, which 
is generally. the case, the two included shunts have the same 
resistance; if the readings are not alike, the two included shunts 
have, resistances proportional to the readings. The battery 
circuit is then closed, and the ammeter and the two millivolt- 
meters are read simultaneously. If the two milli voltmeters 
previously read alike, the resistance of the pipe between contacts 
is 


R = 


Ei + E 2 
Io 


1 trolle y ra ^ s are accessible I have frequently dispensed 
with the battery, and have connected from the middle of the 
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pipe through an ammeter directly to the rails, thus drawing 
current from or to the pipe. The use of battery current has, 
however, the advantage of giving steadier readings. 

I have used the above method for measuring the resistances 
of pipes and of lead cable sheaths in special cases. Such cases 
arise, for example, in long cable sheaths or in long individual 
pipe lines, where it is desirable^to measure current flow simulta¬ 
neously at two or more points for the purpose of determining the 
change of .current between the points; where the changes are 
small the individual readings must be taken with considerable 
accuracy. 

Stray currents on pipes fluctuate violently from moment to 
moment and also vary greatly during different periods of the 
day. Great accuracy in measuring stray currents is therefore 
generally unnecessary. This is particularly true in the case of 
pipes forming, parts of interconnected networks, where the 
method of determining the flow to or from a pipe from simulta¬ 
neous readings is not generally applicable, and where variations 
of 10 per cent or even 20 per cent would not be serious. For such 
cases it is abundantly accurate to measure the millivolt drop in 
a measured length of pipe, and divide this by the resistance of 
the included length of pipe, estimated from its known size and 
material. 

I have found in the case of long individual pipe lines or long 
cable lines, that a fair estimate of stray current leaving or flow¬ 
ing to the pipe or cable sheath can only be obtained from a com¬ 
parison of simultaneous 24-hour records of the current flow at 
successive points. These records can be obtained by means of 
suitable recording millivoltmeters. 

Dr. Hering states, in the third paragraph of page 1456, that 
after he had completed a series of resistance measurements at 
many points over miles of a pipe line, he had found that the 
computed resistances per foot of pipe differed very greatly 
from each other. Upon examination, however, it was found that 
some portions of the pipe line had been laid with heavier pipe 
than others, and when a correction was made for this the results 
agreed very well. He concludes that this is a proof of the relia¬ 
bility of his method of measuring resistance. It seems to me, 
however, that it really proves that the method of estimating the 
resistance of a pipe from its dimensions is reasonably accurate. 

I am convinced from my experience that in about 95 per cent 
of the cases met in practise, the method of measuring drop 
between two contacts on a pipe, and dividing this by the resis¬ 
tance of the included length of pipe estimated from its dimen¬ 
sions, is sufficiently accurate for practical purposes, and on 
account of its great simplicity it is to be preferred. I am prepared 
to admit that I have used, and am still using, this method for a 
great many pipe current measurements, and believe it is a 
perfectly satisfactory and practical method. 

Where current flowing from or to a pipe is obtained from 
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simultaneous current measurements at two points, I have bmml 
it very necessary that the two instruments have the same t >< re ><! 
of vibration, as otherwise they will not fluctuate together, ami 
the instantaneous readings cannot properly foe compart**! 

Dr. Hering also states that he has devised a method of identi¬ 
fying pipe currents, consisting of simultaneously measuring 
drop along a pipe and drop along rails, and comparing the 
fluctuations in these curves of drop. I would like to say that 
I have used this method, but find it better to obtain simult ane< ms 
24-hour records of the drop on a pipe and on the rails, and then 
to compare the characteristic variations of these drops. 1 have 
found it satisfactory to use a few feet of pipe and of rail for this 
purpose. I have also found, where there is an extensive piping 
network, and where there are several individual rail lines, that 
the current on any one pipe may not fluctuate with the eunvni 
in the neighboring rail, because the pipe is receiving current 
from a number of rail lines. The method of comparing the 
twenty-four-hour records of drop on the pipe with the rail drop 
is therefore safer in such cases. 

Dr. Hering^ also states that the ground current detector is 
academically interesting but could not be used because it, dim 
turbs the very conductor through which the current to be meas¬ 
ured is flowing. I presume that he refers to the Haber earth 
ammeter. It is true that this earth ammeter is not satisfactory 
as a means of measuring the total current leaving a pipe. I 
have, however, found it exceedingly useful as a means of proving, 
that stray current is actually leaving a pipe which is found 
corroded, and by using the earth ammeter with a recording 
instrument for identifying the source of the current leaving Mu* 
pipe- 

Edwin F.Northrup (by letter): In this paper Dr. II< •ring has 
made, a valuable contribution to the literature of a class of 
electrical measurements which is commercially important. 
A word on the history of the development of these! methods is 
not out of place. According to the writer’s best knowledge 
(and he has informed himself with considerable pains), Hut origi¬ 
nal conception and original execution of the methods of measur¬ 
ing currents in underground pipes and the resistance of sections 
of such pipes as Dr. Hering describes in connection with Firs. ! 

P a P er > belongs wholly to the author of the paper, 
the method, rather vaguely described on page 1459, intended as 
avoiding, the difficulties which arise from the 

devisedftdiv SvT'J® m the ,P ipes ’ was independently 
torv audb! 1 ^out- gcnerahzed, and tested in the labora 

SeLnt ^riib n e d ’ ^ ft wnt g of this communication. The. 
thoroilh^ botw 8 ft? n ° °ft r "Wthod, as he believes 
that it§ftftft tests in laboratory and iield, 
in aonl cation ^! 0 ? ft ft P ur P. ose > that it is quite general 
in thS tS - n0t ft 11 deserving of the criticisms marie 

he paper ’ beglnmng Wlth the third paragraph of page 14(i(). 
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Its independent conception was undoubtedly stimulated by a 
full knowledge of what Dr. Hering had accomplished by the 
method described and shown in Fig. 1 of his paper. But the 
writer of this communication feels that he has added precision 
and generality to the methods which Dr. Hering has described. 
The importance of the subject is such that the writer thinks 
his viewpoint and additional contributions should be presented 
to the Institute for permanent record in full. What follows is 
taken from the writer's notes, which were prepared over one 
year ago. 

Resistance Measurement of Closed Circuits . The problem is 
often presented in commercial practise of obtaining the resist¬ 
ance of a portion of a circuit which is closed upon itself and which 
may contain a source of current, either alternating or direct. 
If the circuit could be opened even momentarily the problem 
could be solved by well-known methods. But if the circuit 


MV, NO.2 
READS OB 


Fig. 2 

cannot be opened, the problem is still solvable in more than one 
way. The following methods have been carefully tested out by 
the writer in practical cases, and have been found to give such 
satisfactory results as to warrant a detailed description. 

We shall first consider a general method applicable to measur¬ 
ing the resistance of a section of a closed conductor loop, such as 
the rim of a cart-wheel, which may be assumed to have a cross- 
section which varies in an unknown way from one portion of 
its circumference to another. Referring to Fig. 2, we have the 
following dispositions of circuits and instruments. 

P is a closed metallic circuit of medium or very low resistance 
which cannot be opened . It is required to determine the resistance 
a; of a definite length of this closed circuit, as between two points 
a and b . For this there are required three deflection instruments 
which deflect proportionally to the current through them. The 
constants of these instruments need not be known but must be 
the same for all three. In the present application of the method 
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there is required one known resistance R provided with potential 
terminals. This resistance R should be chosen, for the best ae> 
curacy, of the same order of magnitude as the resistance .v which 
is to be determined. A cell of storage battery and a rheostat r 
to adjust the current from the battery-to a suitable value, are 
required, also a key K. The deflection instruments would 
ordinarily be millivoltmeters, though three galvanometers 
having the same constant could be used. Millivoltmeter No. 1 
is joined to the potential terminals a, b, between which the 
resistance is x. Millivoltmeter No. 2 is joined to the potential 
terminals /, d, between which the resistance is y f and the 
terminals of millivoltmeter No. 3 are joined to the potential 
terminals q , s, between which the resistance is A\ which is 
known. The current terminals of R are joined to the points 
P , g, of the loop, and in circuit with R is the key K . The cell 
of storage battery B a, which includes in its circuit the rheostat 
r, is joined to two points, such as m and n t of the closed metallic 
circuit. This supplies to the system the. current required for 
the measurement. 

The procedure in making a measurement is as follows: 

a. With the key K open, read at the same moment millivolt- 
meter No. 1 and call its deflection d x ' and millivoltmeter No. 2 
and call its deflection d%\ 

b. With the key K closed read simultaneously the three 
deflection instruments. Call the deflection of millivoltmeter 
No. 1, d h of millivoltmeter No. 2, d 2) and of millivolt me tor No. 

3, D . 

Then, in case (a), 

x d\ f 

— - > which call N; then a; - Ny (1) 


In case (b), since the deflections D,d\ and d% are proportional 
respectively to e.m.fs. V, E u and E a , we have 


Ei = K d\ — C’i x 
E 2 = K d‘i — C y 


( 2 ) 

(3) 


Here if is a constant and C is the current through y, and ( \ is 
the current through *. We also have 


But 

I = 


C = Ci + I, where / is the current through R. 

V KD rs n 

~R~ = — R —’ whence 6 = C x + ~~~~ 


(4) 


In the relations (1), (2), (3) and (4) we have the unknown 
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quantities x, y , C and C i and hence, there being but four unknown 
and four equations, both x and y can be determined. 


We finally derive x = -~^~ 2 r 
and 


7 =. 


d 2 ' 

di' 


x 


Equation (5) is obtained as follows: 
From (3) and (4) 

Kd 2 „ , KD 
- -OH- 5 


From (2) and (7) 


or 


Kdi = K_d 2 _ D 
x y R 

d\ d 2 D 

x y R 


Putting in (8) the value of y from (1), we obtain 

d\ _ d 2 N D 

x x R 


(5) 

( 6 ) 


(7) 


( 8 ) 


(9) 


and from (9) we find the value of x to be that given in (5). 

The above method possesses four special merits: The circuit 
of the resistance being measured does not have to be opened; 
the resistance of no contact enters, and hence the contacts at 
points pj g, m, n and k need not be made with any special care, 
while the points a, b , /, d , q and ^ are merely potential points 
and contact at these places may be made with a sharp point or 
knife-edge pressed against the conductor; the constant of the 
deflection instruments need not be known, it being only necessary 
that all three instruments have the same constant; two instru¬ 
ments are read simultaneously in case (a) and the three instru¬ 
ments are read simultaneously in case (b), hence the current in 
the loop P may be very variable, and accurate results still be 
obtained. 

This method was tried by the writer, using a brass ring a 
little over one meter in circumference and of No. 0 B. and S. 
wire. The ring was placed over an open-core alternating-current 
electromagnet of very great size. By exciting the alternating- 
current magnet induced alternating currents were sent through 
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the ring. It was found that the readings of the three instruments, 
and hence the resistances measured, were in no wise affected 
by the presence of the alternating current induced in the ring, 
hence the method applies whether the closed loop is or is not 
carrying an alternating current. 

In the above trial the actual readings observed and the results 
obtained were as follows: 

di = 20.54; d 2 = 25.18; D = 18.51; R = 0.01 ohm. The 
ratio of dY to d% , or N, was 0.9940. From these readings the 
value obtained for x was, by equation (5), 


= 25.18 (0.994 - 20.54) 
18.51 


0.01 = 0.002425 ohm. 


The ring was afterward cut open and the resistance x was deter¬ 
mined by an ordinary method, and found to be 0.002439 ohm. 
Hence the error in the measurement of the closed ring was 0.57 
of 1 per cent. 


f 

L 


r-jZl 


TU 



Fig. 3 


This_method has a useful application when applied to the 
determination of the resistance between two points in a d-<\ 
busbar while this is carrying its current. 

To Measure the Resistance between Tivo Points on a Busbar, 
ihe arrangement to employ is represented in Fig. 3. Tin* 
potential points a, &,_and c, d, may be obtained by drilling and 
tapping small holes in the busbar and inserting in those holes 
smail screws to which the terminals of the mill!voltmeters may 

ti K ie< K T * e tem ? ln f ls of the resistance R may be attached 
to the busbar at £ and q by means of iron clamps, as the precision 
m eth°d is not affected by contact resistances at these 

aid the be 1 tween the Point a and the damp j>, 

f nbthe c i am P <?> should be at least three times 
* °i the b ^ sbar - . It is also desirable to have the damps 

ThennrTfFf iTT Wlth the busbar across its entire width’, 
ihe purpose of these two precautions is to insure that the stream 

points a and b. For the same reason the potential point c should 
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be as far to the right of q as the potential point b is to the left. 
The distance from c to d should be chosen about equal to the 
distance from a to b in order to bring the ratio N near unity. 

If there is direct current in the busbar, supplied by the gener¬ 
ator, then there is no necessity of introducing additional current 
from storage cells, as is required when measuring the resistance 
of a section of a loop as in the example above. 

The standard resistance R should be supplied with potential 
points and should be not over ten times the resistance of the 
busbar between the clamps p and q. Greater accuracy will be 
obtained if this resistance is about equal to the resistance of the 
busbar between the clamps. Since the drop of potential over the 
resistance R is read to give the value of the current I, which 
flows in the branch circuit, one may substitute an ammeter for 
the resistance R and the millivoltmeter which reads the drop 
over this resistance. In this case, however, the other two 
deflection instruments must read, not in arbitrary units, but in 
volts or millivolts. 

The procedure is the same as in the case of the ring, described 
above. Giving the symbols the meanings designated in Fig. 3, 
we have: 

With the key K open, 



With the key K closed, we have, from readings taken simul¬ 
taneously by three observers, 

Ei = Ci x (2) 

and E 2 = C y (3) 

We also have the relation 

C = I + Cl = J + Cl (4) 

From (1), (2), (3) and (4) we deduce, as in the case of the 
measurement of the resistance of a ring, 


or 


_ EtN-Ei 
I 


(5) 


x = 


EzN — Ei 

V 


R 


( 6 ) 


If equation (6) is used, E u Ei and V can be multipled by the 
same constant, a, and hence the deflection instruments may be 
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calibrated in arbitary units, provided the same arbitrary units 
are used for all three instruments. 

The purpose to be fulfilled in finding the resistance between 
two points in the busbar is to enable the current in tin? busbar 
to be measured at any time by reading the drop of* potential 
between the points with a millivoltmeter. A portion of the 
busbar is made in this manner to serve as a shunt for a tnilli- 
voltmeter, which thus becomes an ammeter for reading the 
current in the busbar. As busbars are made of copper or 
aluminum, which have a large temperature coefficient, we lucre 
to consider to what extent, if any, their change in resistance with 
temperature will affect the precision with which the current may 
be read. Let Pig. 4 represent an arrangement, to be employed. 
Here, B~B i is a section of a busbar. We shall suppose that 
the resistance R 2 o has been accurately obtained at 20 dug. real., 
between the two points a and h t by the above method. The 
millivoltmeter MV is joined to the points a and h. 

Let r T = r % 0 (1 + a T) (i) 

be the resistance of the millivoltmeter at T deg. cent, above 20 
deg, cent, when r 20 is its resistance at 20 deg. cent, and a is the 
temperature coefficient of its winding. 


MV. 


•Ok 

Pig. 4 


±Jth 


Aao U I 




be the resistance. between points 
a and h of the busbar at t deg. 
cent, above 20 deg. cent, when 
R%i) is its resistance at 20 deg. 

t1 g be busbar change in temperature both fmm in 

the temperature of the room and from the hoatint' dm* i<"> th,* 
current which it carries. The ,„iK| Ut ' i/V „ , . 

Som se H^ p?ratare f r; d,an « ra in u- tc,. ,, r 

meter wiu Sot , lcfh'iI 1Cr “ ' tIl<! Jcmpurutim; )'«f the iniUiv.Ji- 
merer will not be the same as the temperature / of t.hi* imslnr 

DroducTd & hvT d f t f? nmU tIlc naturc and magnitude of the error:'; 
If I is the currcntln'®? lp ? rat . ure c ^anges in muling tho rum-til. 
when .. ".. 


Et = / R t 

The current through the millivoltmeter will be 


C = 


E> 

r-x 


K D 


( 4 ) 
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where D is the deflection of the millivoltmeter and K is a constant. 
Hence 

lit —K D r r ( 5 ) 

By equations (3) and (6), 


I « K 1) % 

At 


;■ n r »o (1 + a T) 
R* o (L + 0 /•) 


(6) 


Since the busbar and the winding of the millivoltmeter arc 
both of pure metal, a.s copper or aluminum, the temperature 
coefficients « and fi would Ik; practically the same and may be 
taken, approximately, as 0.004. Equation (6) can therefore 
be written: 


I\ D r a( i s , 1 -f 0.004 T 
Km A "1 I- 0.00 ! t 


The error in the measurement of i is now .seen to depend directly 
upon the amount by which the last term of equation (7) departs 
from unity. In the ease of no heating, by the current., of the 
busbar above room temperature, (as would 1 >e very approximately 
realized for a loading of the busbar of at) per rent full load or 
less) t =-* 7\ and there is no error, whatever the mom tem¬ 
perature becomes. Now / ran never be less than 7\ but may 
assume a, value T + a !T f where 3 T represents the temperature 
of the busbar above the temperature of the air. In this ease 
equation (7) becomes 


K Dr m i + 0,004 2 

Mu 4 I d 0.004 T 4 0,004 4 T 


A.s a rather extreme ease we may taka* T - 10 deg. cent* 
above 20 deg. cent., and 3 T ■■ a deg, cent;. Then 


1 f 0.004 X 10 
I d 0.004 X 10 } 0,004 X 5 


1.04 

1,00 


tumi + . 


Thus the true value of the* eurrent would !k% in t his ease*, about 
two percent less than one would read it upon the millivoltmeter. 

The following estimate shows that the fall of potential in a 
busbar is large* enough to apply the above method of measuring 
the current in it; though the writer has not had an opportunity 
of putting the method into practise as was done in the oilier 
eases here described. Tin; resistance of 100 per rent conduc¬ 
tivity copper at 20 deg. cent is 87.7 X 10 "' M ohm per linear inch 




1474 


MEASURING STRA Y CURRENTS 


[June 28 


(25.4 mm.) per sq. in. (6.45 sq. cm.) of cross-section. It is 
good practise to allow 1000 amperes per sq. in. of cross-section 
of copper conductor. Then, with 1000 amperes to the sq. in. 
of cross-section, the drop of potential per linear in. becomes 
IQ 3 X 67.7 X 10“ 3 = 0.677 X 10“ 3 volt, or 0.677 millivolt per 
linear inch. If the full scale reading of the millivoltmeter 
is 20 millivolts, the distance between the potential points a 

20 

and b (Fig. 4) would need to be ^----- = 29.2 + in. 

This length of busbar, to be used for the purpose of a shunt, 
could be obtained behind most any switchboard, and it is probable 
that- a shunt for the millivoltmeter of this character would serve 
quite as well and perhaps be superior to the shunts ordinarily 
used. For these latter have a very low temperature coefficient 
and changes in the temperature of the room will increase the 
resistance of the millivoltmeter without increasing in like degree 
the resistance of the shunt, and hence there is no automatic com¬ 
pensation, as in the case discussed above, where the busbar itself 
serves as a shunt. 


' . n 


-0^*=—* 

u 

*_r 

hv 


cJ rr- 


•*—Ci 

|Et-C,a> 

\ g 

[Eo=C!/ 

n 

} 


-] y 
1 


—©—— 


^ y 

—©— 1 

[ 


+ 


Fig. 5 

To make the millivoltmeter read directly in amperes requires, 
of course, that the constant K, in equation (8), be correctly 
chosen. As w^e are at liberty to give any value to the resistance, 
r 2 o, it will always be possible to do this. 

Measurement^ of the Resistance of Underground Mains. An 
important application of the methods above described for meas¬ 
uring the resistance of a portion of a closed circuit is the deter¬ 
mination of the resistance betw r een two selected potential points 
upon an underground gas or water main. Underground pipes 
are subject to deterioration from electrolysis, caused by “ tramp ” 
currents which get into the pipe line from neighboring electric 
trolley roads. The. electrolysis occurs when current leaves the 
pipes. It becomes important, at times, to be able to measure 
quickly and accurately the current which flow's in some selected 
section of a pipe line. .It is evident that this can be easily ac¬ 
complished. by measuring at any time, with a millivoltmeter, 
the potential drop between the points on a section of pipe 
provided the resistance between these tw r o points has been pre- 
viously determined. The method shown in Fig. 5, which is 
a slight modification of those described above, enables this re- 
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sistanee to be measured with considerable precision while the 
section of pipe is in place in the pipe line. 

The measurement is made with two millivoltmeters and an 
ammeter. One or two cells of storage battery are also required. 
The cells of storage battery, a key K (Fig. 5) and the ammeter 
A are joined in series and connected at two places, as shown 
in the diagram, to a section of pipe. These connections are best 
made by drilling J-in. (6.3-mm.) holes about half way through 
the pipe wall, and driving brass plugs into them. Heavy 
copper wire connections may then be soldered to the brass plugs. 
The other connections, which serve as potential points, may be 
made in a similar manner, but smaller holes and plugs will serve. 
There should be as much separation as possible between a 
potential point and the place of connection of a current lead, 
and these should, preferably, be located at the ends of diameters 
of the pipe which form with each other an angle of 90 deg. 

It is well to take one set of readings and calculate the resist¬ 
ance with the polarity of the storage cell in one direction and then 
take a second set with the polarity of this cell reversed. In the 
mean of the two resistances thus obtained, the error, which 
results from the flow lines of current from the storage cell not 
being parallel with the section of pipe between the potential 
points, is largely eliminated. This is specially the case when 
there is considerable current flowing in the pipe from other sources 
than the storage cell. 

This error will be small, however, in any case, if the distance 
between a potential point and the point of connection of a cur¬ 
rent lead is, say, twice the diameter of the pipe and these 
terminals are located as above suggested. Referring to Fig. 5 
for the meaning of the symbols, we have, as in the cases given 
above: 

With the key K open, 



and with the key K closed, 



Ei = C ix 

(2) 


E 2 — Cy 

(3) 

and 

C=C! + A, 

(4) 


from which we find 


E 2 N-E i 


x = 


A 


(5) 
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Also y = -- (6) 

or y-f m 


In applying the method, one is not in the least troubled by the 
sudden variations of the current in the pipe which constantly 
occur, because Ex' and Ei are read simultaneously to obtain the 
ratio N and then, again, Ex, E 2 and A are read simultaneously 
to obtain the other necessary values. Three observers, reading 
at the same moment, obtain correct values; for when the 
current varies, a variation occurs in all three instruments at the 
same time, the proper relation between the readings of the three 
instruments being always maintained. 

_ This method was carefully tested by the writer upon an actual 
pipe line with excellent results. The essential features of the 



test are given to show how the measurement works practically, 
and are recorded below: 

The diameter of the pipe was 15 in. (38 cm.). Two pipe lengths 
were uncovered and the connections to the pipe sections were 
made at distances and in the manner shown in Fig. 0. The 
method embodied the use of two cells of storage battery, which 
would yield on short circuit, when joined in parallel, 125 to 150 
amperes, and also one ammeter reading to 200 amperes and two 
millivoltmeters giving a full scale deflection with 20 millivolts. 
In circuit with the ammeter and storage cell a single-polo current 
switch K was used. The following readings were taken: 

. i and E ^ were read simultaneously. The current in the 
pipe was sufficient for the purpose. The mean of nine readings 
ot Ex was 7.511 millivolts and the mean of nine readings of JiJ 

was 7.122 millivolts. Hence the value of the ratio -£■ was 

y 


N 


7.511 

7.122 


1.055 
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There were then taken seventeen sets of readings of E u E% and 
A with the positive pole of the battery cell joined to No.7 
terminal (Fig. 6), and a like number with the negative pole to 
this terminal. 

The following table exhibits a few sample readings. 


Current 4- to No. 7 Terminal 

Current — to No. 7 Terminal i 

i 

Ei 

.Es 

A 

X — ohms 

Ei 

£2 

.4 

X = ohms 

milli- 

milli- 

amperes 

for 7.916 ft. 

milli- 

milli- 

amperes 

for 7.916 ft. 

volts 

volts 



volts 

volts 



—6.8 

1.6 

116 

0.0000731 

7.60 

0.4 

—102 

0.0000703 

—6.2 

1.8 

| 110 

0.0000736 

7.8 

0.8 

— 98 

| 0.0000709 

—8.3 

0.9 

1 127 

0.0000728 

8.2 

| 1.0 

—101 

1 0.0000707 


The mean value deduced for X with the current from the stor¬ 
age cell positive to terminal No. 7 was 0.00007315 ohm, and with 
the current from the storage cell negative to terminal No. 7, 
it was 0.00007077 ohm. The mean of these two results was 
0.00007196 ohm for a length of the pipe of 7.916 ft. There 
were 40 ft. (12.2 m.) of No. 14 wire used, as potential leads, to 
each millivoltmeter. Calculation showed that to correct for 
the resistance of these leads the final value of X should be mul¬ 
tiplied by 1.088. Doing this and reducing the resistance to a 
length of one foot (304.8 mm.) of pipe, the final value found was: 
9.91 microhms per foot, at 65 deg. fahr. 

The test was defective in that the distances between potential 
points and points of attachment of current leads were not chosen 
as great as they should have been and were all made on the top 
side of the pipe. The “ tramp ” currents in the pipe were large 
and very variable at the time of the test. In spite of this the 
resistance measurement is probably correct within 1.5 or 2 per 
cent, and should have been better. 

It was found in this test that care had to be exercised to give 
the readings of the three instruments the proper # algebraic signs. 
By making a diagram, like Fig. 6, before beginning the test, 
errors of this character may be avoided. . , 

George F. Sever: Assuming that this method of Dr. Hering s 
is correct, which it undoubtedly is, and perfectly available for 
measuring .current in pipes, what are we going to say in . court 
to the jury, or to the judge, when we do find current m the 
pipe, and it is recognized that current, when leaving a pipe, 
under most circumstances, causes corrosion? A cooperative 
test by the parties in interest will undoubtedly show current on 
the pipe, and if both parties in interest go into court with this 
statement, it becomes a very difficult matter, at least for the 
railroad company, to defend the presence of current on these 

pipes. . , . , 

If we agree that one ampere on a pipe causes a certain amount 
of electrolytic effect when leaving it, and then find 100 or -'00 





1478 


MEASURING STRAY CURRENTS 


[June 28 


or even 500 amperes on a pipe, it becomes a very difficult matter 
for the railroad company to say that there is no damage. In 
other words, if there is found any current on the pipe, might 
it not cause damage at all sorts of places, and can the railroad 
company, which is alleged to put the current on the pipe, defend 
its position? 

All of these measurements lead up to interesting technical 
conclusions, but the real common sense question is, how are we 
going to interpret the results? 

Edward B. Rosa: We have been making some study of this 
subject at the Bureau of Standards. Several years ago we 
tried the method Dr. Hering has outlined, before we knew that 
it had been used by him, but we believe that it is not generally 
necessary to determine the resistance of the pipe. You cannot 
determine the current, with precision, as has been said, as it is 
so variable, and therefore, it is not necessary to determine tin* 
resistance with precision. We have found that the resistances 
of different kinds of pipe are sufficiently near together, so that we 
believe it is practicable to prepare a table of resistances f< >r 
different sizes and different kinds of pipe. We have obtained 
samples of different kinds of pipe used for gas and water, and have 
measured the resistance, and will shortly have a table prepared, 
which will be in practical form for the use of engineers, so that 
they may be required only to measure the drop in potential and 
take the resistances out of the table. That is not expected to be 
accurate, as the pipes may have corroded to some extent, but it 
may be used for approximate purposes, where approximate 
determinations will be satisfactory, and the table will, un¬ 
doubtedly, be of very considerable value. 

Alexander Maxwell: I do not think that Dr. Hering docs 
entire justice to Haber’s earth ammeter, in describing it as 
merely of academic interest, or in stating that its use involves 
many assumptions. I have used it extensively, and with very 
good results. . 3 


By means of this instrument, earth currents arc intercepted 
and measured; and while it is true that the soil conditions arc 
somewhat altered, that is of little importance if the path of the 
current through the soil is of any considerable length, which is 
nearly always the case. However, it is generally not of the first, 
importance exactly to reproduce the normal conditions quantita- 
™ y \ It is of much greater importance to determine whether 

flo y °. r not - and t0 determine its direction and its 
source. The actual normal value of the current is only a matter 
of secondary importance, since the total amount of current lost 
from an entire pipe line may be quite accurately determined by 
other means, where it is necessary to determine it at all. 

in my opinion, too much stress is sometimes laid upon the total 
amount of current lost from a particular pipe, or fnnn a svs 1cm 
of pipes, since this is often a matter of no particular importance 
comparatively small amount of current escaping from a pipe 
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may produce corrosion over a limited area, and yet the whole 
pipe will be made useless, just as though it had been corroded 
over its entire surface. 

The earth ammeter is actually a very useful instrument, and 
when properly used it is capable of indicating conditions which 
are otherwise obscure. Moreover, when its indications are 
observed simultaneously with other quantities, such as potential 
difference, or the main current flowing in the pipe, the source 
of stray current may be identified by means which involve no 
questionable assumptions. Thus, as in Fig. 7, where it is sus¬ 
pected that current is escaping from a pipe and flowing to a 
street railway rail, the earth ammeter may be placed in the earth 
between the two structures, and by setting it successively in three 
planes the direction of the stray current may be quite definitely 
determined. A still better way to do this is to employ three 
instruments, set as above, and read them simultaneously. 

Measurements such as these, taken simultaneously with 
measurements of potential difference between the tw^o structures, 
constitute good evidence of the existence of the suspected stray 
current, and good evidence of its identity. It is even better to 



obtain 24-hr. records of the quantities, by means of recording 
instruments. 

The main object of tests of this character is to prove that 
stray currents from some suspected source do actually escape 
from the pipe being tested. The earth ammeter can be used to 
indicate the escape of currents much smaller than those which 
could possibly be determined with any accuracy by even the most 
refined methods for measuring the total current in the pipe. 
The loss may be even less than one per cent of the total current 
in the pipe, and still produce measurable indications in the earth 
ammeter. It is well understood that even such small currents 
may produce serious corrosion, and, in fact, it is the usual con¬ 
dition that stray currents flow on to pipes, and escape from them, 
in very small amounts, as reckoned for units of pipe surface. 

Another useful application of the earth ammeter for the 
identification of stray currents consists in shunting the conduct¬ 
ing path through the soil, by means of a heavy bond connection 
between the two structures which, with the soil, constitute the 
circuit for the stray current. This general arrangement^ 




1480 


MEASURING STRAY CURRENTS 


[June 28 


shown in Fig. 8. In this case, if the earth ammeter shows a 
certain current flowing between the pipe and the rail with the 
shunt circuit open, and this earth current is reduced in value 
when the shunt circuit is closed, excellent evidence is obtained 
of the actual flow of stray current through the earth. 

I am of the opinion that stray earth currents can be detected, 
measured and identified by means of the earth ammeter, in eases 
where a survey based merely on measurements of total, current 
in the pipes would not adequately indicate all of the places where 
current enters or escapes from the undergound structure being 
investigated. 

With regard to the main feature of Dr. Bering's paper, namely, 
the methods of calibrating the pipe resistances, I have employed 
the last method described in the paper since 1908, generally 
utilizing the stray current itself, by means of a temporary bond 
connection to the street railway rails. I have, however, only 
found it necessary to calibrate pipes in this manner for very 
special cases, generally finding the calculated resistance amply 
accurate, since measurements of such fluctuating quantities as 
stray railway currents cannot be even observed with great 
accuracy. 

This same consideration of accuracy affects the choice of in¬ 
struments, and I have found that portable pivoted instruments 
of relatively high sensibility for their class are decidedly prefer™ 
able to reflecting instruments as used by Dr. Horing. In short, 
a large number of significant readings of moderate accuracy 
provides a better basis for preparing a case than a few observa¬ 
tions of wholly unnecessary precision. 

Frank Wenner: This method that Dr. Bering has described 
for measuring currents in pipes seems to be a perfectly obvious 
method. I personally know of a number of persons who have 
thought of the method, and I should like to point out that it was 
used by Professor Adams in Columbus about fifteen years ago, 
and in that particular case—it was a court case in which the 
matter of resistance of the pipe was brought into question he 
used the method for measuring the resistance as well as measur 
ing the current. 

In this particular method, a high degree of accuracy cannot 
always be obtained, especially in large gas pipes if the current 
to be measured is comparatively small. The difference in 
temperature between the two points of the pipe to which the 
potential connectors are attached may amount to a degree or 
even to two degrees. Since the thermo-electromotive force 
amounts to about fifteen microvolts per degree difference in 
temperature, if the potential connections are copper, serious 
errors may be introduced where the currents are small and the 
pipes large and of low resistance. The thermo-electromotive 
torce may cause errors either when the method described by Dr 
Henng is used or when the ordinary method, using a semsitm* 
•millivoltmeter, is used. 
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Clayton H. Sharp: In electrolytic surveys and studies all 
methods are useful, at some times. Conditions are varied, and 
while in general the method of estimating the resistance of the 
pipe is sufficient, yet there are times when a method like the one 
which has been presented to us in this paper is bound to be use¬ 
ful. I think that we are indebted to Dr. Hering for bringing it to 
our attention, and for smoking out a whole lot of people who have 
been using it and saying nothing about it. 

Carl Hering: Dr. Sharp has already answered one point 
which came out in the discussion; when members of a profession 
like ours keep their methods of measurement secret, they are 
not doing their duty to their colleagues and it is not creditable to 
them to come out afterwards with claims of priority when some¬ 
one takes the trouble to publish a description. Moreover I 
do not admit that the alleged prior methods described in the 
discussion were really the same; Professor Ganz’s certainly was 
not. 

‘ It has been said in the discussion that such precision as is in¬ 
dicated in this paper is not necessary; in most of the ordinary 
cases it is not, but in a legal case, in a suit in court, it is neces¬ 
sary or else the results will not be sound legal evidence. Further¬ 
more, one of the principal points in this case was to find the 
current entering or leaving the pipe, and unless the original 
currents are measured accurately, you cannot depend on their 
differences. If, for instance, one is 100, and the other 98, an 
error of only 3 per cent in these measurements may even change 
the sign of the result. 

Professor Ganz upheld the method of assuming the resistance 
and then measuring the current with a millivoltmeter. . I do 
not believe in virtually assuming the thing you are going to 
measure; it is a very easy way to get results, but I do not approve 
it. It is moreover dangerous to assume a resistance for a pipe, 
for the reason that pipes are laid much thicker in the valleys than 
at the tops of hills, and the gradations are rather small; for 
that reason alone it is unsafe to assume that any particular 
length of pipe has any particular thickness, unless you have 
laid the pipe yourself and know just what the thickness is. 

As to the 24-hour measurement that Professor Ganz spoke of, 
it is hardly necessary, in most cases, to run such identification 
tests for 24 hours. In fact, a measurement continued over a 
period of one hour will generally give you two saw-tooth curves 
that are so nearly alike that you have enough evidence to show 
the court that the street railway is the offending party. 

I do not wish to say anything against Haber’s earth ammeter, 
as it is very ingenious and. undoubtedly very useful for certain 
purposes, but it will not do for the purpose for which I wanted 
these measurements. 

As to who originated the system, that is of little general in¬ 
terest. I agree with Dr. Sharp that a person who has used some 
system which is valuable to others and does not make it public 
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in a paper or some other form of announcement, has no moral 
right to come out afterwards and claim originality. 

"Carl Bering (communicated after adjournment): In examin¬ 
ing more carefully such broad, vague, general and sweeping 
claims of priority as those made in this discussion, I have often 
found, in other cases, that the alleged prior method was not the 
same one at all, but that it lacked the very elements which char¬ 
acterize the method whose originality is disputed. Several 
of the speakers evidently overlooked the important statement 
that this method was devised specifically to determine the cur¬ 
rent which enters or leaves a pipe, as distinguished from the 
current flowing in the pipe; for the latter purpose I admit that 
the very simple method of assuming the pipe resistance would 
be good' enough for many purposes, and perhaps even for some 
legal cases; but I do not believe that any of those speakers will 
claim that a method based on assumed resistances would be 
satisfactory or reliable when the result sought is a difference 
between two readings which may at times be nearly equal, and 
when a lawyer attempts to discredit it to the court. 

I grant that Dr. Northrup devised the particular modification 
described on page 1459 without knowing that I had devised ex¬ 
actly the same one a year or two earlier; I preferred to use the 
others in most of the tests because the instruments I had to use 
were not considered to be sufficiently reliable for this method. 
I cannot grant him, however, that any “ precision and gener¬ 
ality ” was “ added ” when he devised it independently; as they 
are identical, one cannot be more precise or more general than 
the other. Whether my description of it in this paper was 
“ vague,” as he claims, I am willing to leave to others to judge. 
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A TUBULAR ELECTRODYNAMOMETER FOR HEAVY 

CURRENTS 


BY P. G. AGNEW 


Theory of Instrument 

To obtain the same current distribution for both alternating 
and direct current it is usual to strand the windings of the field 
coils of electrodynamometers, and the strands should also be 
thoroughly mixed so that all shall have the same effective resist¬ 
ance and inductance. For very heavy currents this becomes a 
matter of extreme difficulty. 

In the present instrument an entirely different means of ob¬ 
taining the same end is employed. Evidently the ultimate 
requisite in an instrument for transferring from alternating to 
direct current is that the torque shall be the same, and it is 
immaterial whether we make the current distribution the same, 
or the field due to the current the same. The latter is the 
method adopted. There is no theoretical reason why the current 
distribution and the magnetic field could not both be allowed 
to vary if it could be shown that the torque did not change. 

The field “ coil ” of the instrument consists of two coaxial 
copper tubes, thus giving a circular magnetic field in the space 
between the tubes. On direct current the distribution may be 
assumed to be uniform over the cross-section of the tubes, but 
on alternating current, as is well known, the stream lines are 
crowded toward the outside of the inside tube and toward the 
inside of the outside tube, and the amount of this change depends 
upon the frequency. But it may easily be shown that if we 
have axial symmetry the magnetic field at any point is independ¬ 
ent of the current distribution. Expressed in the usual terms, 
there is no magnetic field between the tubes due to the outside 
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tube, and that due to the inside tube is independent of the skin 
effect, but it is better to consider the arrangement as a special 
case of a more general principle. 

Let us consider a generalized toroid such as would be formed 
by rotating any closed circuit such as A (Fig. 1) about an axis. 
We may think of the circuit A as consisting of a wire carrying 
a current, and similarly of the surface of revolution as being 
a current sheet. Or we may think of the surface as being 
wound with a layer of wire with no space between turns and thus 
becoming an endless solenoid. 

It has been shown by Maxwell 1 and by Gray 2 that the field 
at any point, as at 0, is independent of the size, shape and thickness 
of the conductor and depends only on the total current and the 
distance of the point from the axis. This may be shown by a 
very simple process of reason¬ 
ing. The all-important con¬ 
dition is axial symmetry. 

Consider a circle perpen¬ 
dicular to the plane of the 
paper, and cutting it in the 
points 0 and O'. This circle 
links once with the current. 

Henc 2 the line integral of the 
magnetic field around this 
circle, or the work required p IG> i—T he Generalized Toroid. 
to carry a unit pole around 

it, is 4 7T times the total current, or, if we remember that H 
is uniform around the circle, 

2ttRH= At I 
H= 21/R 

The value of H at any point within is thus entirely independ¬ 
ent of the dimensions of the conductor, provided there is axial 
symmetry. Hence an approximation to such a form for the 
current coils is admirably adapted for alternating-direct-current 
transfer dynamometers, since it is independent of the current 
distribution. 3 

It will be seen that the con centric tubes form an approximation 

1. 11 Electricity and Magnetism, ” Vol. II, Art. 681. 

2. “ Absolute Measurements, ” Vol. II, page 278. 

3. For a detailed discussion of this principle and its application to 

electrodynamometers, see Agnew and Fitch, Elec. Rev. (Chicago) 60 
~ tjR't into v s /» 
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to a toroid or an endless solenoid of one turn. It can only be 
an approximation since it must be open at one end in order to 
introduce the current. 

Construction 

Fig. 2, which is a vertical longitudinal section through the 
instrument, shows the general arrangement. The tubes are 
horizontal in order to allow a vertical suspension, and the moving 
coils are placed astatically, one above and one below the inner 
tube. These are shown in the plane of the section instead of 
in the mean working position, which is nearly perpendicular 
to the plane of the paper. This is done in order to show the 
shape .of the coils, which are wound on ivory frames. They a.re 



held together by fine silver wires, one on either side of the inner 
tube, as indicated in the figure. 

Phosphor bronze strip suspensions are used, and two air damp¬ 
ing vanes are provided. The damping boxes are of wood and 
are mounted directly on the outside copper tube. The instru¬ 
ment is read by telescope and scale. 

Massive copper slabs placed parallel and 4 cm. apart serve as 
current terminals. They are provided with 5 bolts so arranged 
that any number of parallel leads up to 5 may be connected 
symmetrically. These at the same time serve as supports for 
one end of the instrument, and the closed end is supported by 
an oak upright. 
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Water cooling is provided for the inside tube by passing water 
through it, but no special means are provided for cooling the 
outside tube. 

While the very heavy copper slabs used for current terminals 
tend to equalize the stream lines in the larger tube about the 
axis as a line of symmetry, this was deemed insufficient for the ^ 
most precise work. Accordingly a groove 5 cm. wide was turned * 
eccentrically in the large tube near the open end, so that the 
groove was 2 mm. deep on the top of the tube and 3 mm. deep 
on the bottom. When finally mounted a current was passed 
through the instrument and equipotential surfaces laid off on 
the tube. By a small amount of filing the eccentricity of the 
groove was adjusted so that the equipotential surface was a 
plane perpendicular to the axis. It was found that the re¬ 
lation held very accurately throughout the length of the tube 
the distances between equipotential surfaces measured at dif¬ 
ferent points on the circumference differed but one millimeter 
in 800. 

From the principle of axial symmetry outlined above, it may 
easily be seen that no error due to skin effect in the closed end 
will enter. For this reason the moving coils were placed one 
third of the length from this end so as to minimize the effect 
of the leading-in cables, etc. Perhaps a fourth or even a fifth 
would have been better. 

Performance 

It is of first importance to determine whether the instrument 
is affected by distribution errors. Rosa has described an indirect 
method 4 for making this determination by the use of capacity 
in the moving coil circuit. If the moving coil circuit be short- 
circuited on a resistance shunted by a condenser having such a 
value that 

L = CR 2 

where L is the self-inductance, R the external resistance and 
C the capacity shunted around it, then there should be no de¬ 
flection on closing the circuit, no matter what the position of the 
coil. But if there is such an error then there will be a residual 
deflection. 

When the instrument was first set up it showed no such error 
up to 300 cycles. But after it had been in service some time 

4. Bulletin of the Bureau of Standards, 3, p. 43, 1907. Reprint No. 48. 
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this same test showed a slight error. This was found to be due 
to an extremely slight flexure of the inner tube brought about 
by clamping heavy cables and lugs to the massive terminals, 
although considerable care had been taken to obtain a secure 
mounting. The trouble could be removed by springing the 
tubes by means of clamps placed on the copper slabs which 
serve as terminals. In other words a slight departure from the, 
condition of axial symmetry introduces a distribution error, 
and this can easily be detected and corrected by a purely elec¬ 
trical test. Strong clamps and struts (shown in dotted lines 
in the figure) have been arranged to hold the copper slabs in 
proper position. 

Measurements of large currents by means of a current trans¬ 
former -whose ratio had been carefully determined w^ere in 
substantial agreement with the indications of the tubular 
dynamometer. It is believed that the instrument is accurate 
to 0.05 per cent. 

It was found necessary to put loose-fitting diaphragms across 
the tube on each side of the moving coils to prevent air currents, 
for such currents of air caused considerable unsteadiness of 
the reading, even for comparatively small temperature dif¬ 
ferences in the mass of copper composing the instrument. The 
diaphragms effectually removed the trouble. 

A more serious difficulty was encountered with magnetic 
impurities in the moving coil. The requirements here are 
even more exacting than in the sensitive moving coil galva¬ 
nometer, for the parts of the moving coils nearest the inside 
tube are in a field comparable in magnitude to the flux in the 
air gap in the permanent magnets of such galvanometers. The 
whole directive magnetic force exerted on the coil must be 
vanishingly small or the zero of the instrument will not be 
the same with current on that it is with current off. In the 
galvanometer, on the other hand, the requirement is merely 
that the magnetic force on the coil shall not vary appreciably 
through comparatively small angles. 

Finally special coils were wound which were entirely satis¬ 
factory. These were of silver wire 0.2 mm. in diameter, silk- 
covered, and were stated by Mr. W. N. Goodwin, Jr., of the 
company which made the coils, to be actually diamagnetic. 5 

5. Mr. Goodwin found the torque acting on the coils and tending 
to maintain them at right angles to a magnetic field having a strength of 
1175 gausses to be 0.286 and 0.238 dyne-centimeters per radian, re¬ 
spectively. 
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'h y were mounted with great care to prevent magnetic 
from dust. The zero is precisely the same 

current on or oft. 

It might have been better to have made the instrument with 
independent sets of moving coils, one set for the smaller cur- 
mis., placed very close to the inside tube where the field is 
congest, perhaps even decreasing the diameter of the tube 
r the purpose, and a second set for heavier currents, placed 
ar the outer tube. This would extend the range of the in- 
rvrient. In addition, current and power could be measured 
muitaneously. 

Constants and Dimensions 
topper slabs for current terminals: 

i yg f ness . 2.5 cm. 

Width. 20 “ 

Outer tube* 

Length.... 101 cm . 

. R '~~- .6.41 and 7.07 “ 

Inner tuce: 

. 126 cm# 

__f aan ....1.03 and 1.66 « 

weight of instrument (approximately) 80 kg. 

Moving coils: 

Diameters (approximately). 2.,5 and 5 cm. 

1.16 turns of 0.2-mm. silver wire 

Weight of each coil. 7 3 

Moment of inertia, each. I’ll 12 ' gl C m.* 

Resistance: 

Coils alone.. 1001 

T . 12.2 ohms. 

. .10 uu icr system. ^ ^ « 

Self-inductance .. , . 

Resistance: . 1A mh ’ 

Outer tube. 0 . 

Complete instrument. * * 5 o u 

Pou:e? consumed (at 5000 amperes): .*. 

Outer tube. 

Inner tubs . 200 watts 

, Complete instrument. ^25 « 

iST at Cent6r ° f C0ils (approximately)’. ’.! 300 gausses 

100 — 

With water cooling 

Without water cooling.’.’.. 5000 am P ere s 

Of moving coil circuit . . 

. 0.06 “ 
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MEASUREMENT OF ALTERNATING CURRENT OF 

LOW VALUE 


BY M. G. NEWMAN 


Alternating-current ammeters of the dynamometer type when 
used for measuring small currents are usually connected so 
that the moving coil is in series with the stationary or field coils. 

As the instrument has no iron in its magnetic field, the in¬ 
stantaneous values of the flux densities in the moving and 
fixed coils will be proportional to the current. The torque 
will, therefore, be proportional to the square of the current 
and the instrument will indicate the effective value of the 
current. 

In order to increase the sensibility of the ammeter, suspen¬ 
sions are used in place of pivot and jewel bearings. The weight 
of the moving parts and the size of the suspension are made as 
small as possible without having the period too long or the instru¬ 
ment too much affected by external disturbances. 

The determination of small alternating currents is usually 
required in circuits of low voltage. It is, therefore, necessary 
that the impedance of the ammeter shall be small, as the volt¬ 
meter reading must include the potential drop in the ammeter, 

References 

“ Study of the Current Transformer with Particular Reference to 
Iron Loss,” by P. G. Agnew; National Bureau of Standards, Reprint 
No. 164. 

Electrical Measurements on Circuits Requiring Current and Potential 
Transformers, by L. T. Robinson, Transactions A. I. E. E., 1909, 
XXVIII, II, p. 1005. 

National Bureau of Standards, Reprint No. 130, “ The Determination 
of the Constants of Instrument Transformers,” by P. G. Agnew and 
T. T. Fitch, 
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and this should be negligible within the limits of accuracy lequired 
by the test. 

"in examining an ammeter for sensibility, two things should 
be considered, the ampere sensibility and the impedance. 

The square of the current multiplied by the impedance of the 
instrument gives the volt-amperes. If the weight of the moving 
coil and size of the suspension have been reduced to the mini¬ 
mum limit, the ampere sensibility can only be increased by in¬ 
creasing the number of turns in the coils; but if the size and 
weight of the coils are kept the same, the resistance and induc¬ 
tance of the instrument will increase approximately with the 
square, of the number of turns. 

The voltage necessary to give a deflection of a certain 
amount, therefore, will increase as the current sensibility is 
increased. Thus for very low reading ammeters the impedance 
is high, and if measurements are to be made in a circuit of low 
electromotive force the error in the voltmeter reading, due to 
the potential drop in the ammeter, will be considerable. 

Separately Excited Dynamometers . By separately exciting 
one of the elements of the ammeter by current from a phase- 
shifting transformer, the sensibility of the instrument is very 
much increased. Its deflection then is proportional to the product 
of the amperes in the moving and fixed coils times the cosine of 
the phase angle between them. 

The instrument is calibrated as a wattmeter. 

W = krd , where W 

W = watts 

r = total resistance in the potential circuit 
d — the deflection 
k = constant of the instrument 

The phase position of the current in the separately excited 
, element is changed by the phase-shifting transformer until 
the reading of the instrument is a maximum. 

In the equation: W = E I cosine d , (2) 

if d is zero, W = E I 

Wave Distortion by Phase-Shifting Transformer. The angle 
of shift of the secondary potential of the phase-shifting trans¬ 
former is determined by the position of the secondary winding 
relative to its primary winding, and is independent of the fre¬ 
quency. If the impressed wave is not sinusoidal, there will be 
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a distortion due to the fact that each harmonic wave which makes 
up the complex wave is shifted the same number of degrees; 
but each with reference to its own length and not to that of the 
fundamental. For this reason it is better, in general, to use an 
approximate sine-wave generator. 

There may also be present a small wave distortion due to the 
leakage reactance of the phase-shifting transformer. This, 
however, is very small and in general may be neglected. 

Errors Due to Wave Form . If the wave form of the currents 
in the two elements of the dynamometer is the same, the above 
equation (2) is strictly correct, but this is seldom the case. A 
brief discussion of the errors of the method is necessary. 

Harmonics of current present in only one element of the 
instrument produce no torque. Taking an example: consider a 
sine current wave in the potential circuit of the dynamometer, 
and in the current coil, a current wave with a fundamental, 
the effective value of which is 10 amperes, and a third harmonic 
with an effective value of 1 am pere: the effective value of the 
complex wave will be VlO 2 + l 2 = 10.05 amperes, but the dyna¬ 
mometer will measure only the fundamental'and the error will 
be 0.5 per cent. 

If harmonics other than the fundamental are present in both 
elements, torque "will be produced by those of the same frequency 
which may be either negative or positive, the sign and magni¬ 
tude depending upon the phase position of the harmonics. 

As the errors pointed out above depend upon the wave shapes 
of the current in the two circuits of the dynamometers, it is 
impossible to make corrections without knowing the wave forms. 

The following current measurements were made to inves¬ 
tigate the errors of the method and a comparison was made 
with the readings of a dynamometer ammeter which was used 
as a standard. 

Tests 

Exciting current tests were made on a telephone transformer 
at 60 cycles: 

(a) Using the separately excited dynamometer as an ammeter. 
The diagram of connections is shown in Fig. 1. 

(b) Using the dynamometer ammeter with connections as 
shown in Fig. 2. 

Power was supplied from a three-phase Thomson-Houston 
smooth-core alternator. The potential waves are given in Curve 1. 

The voltage of the generator is 575 at 60 cycles, and was 
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stepped down through 5:1 step transformers with their primaries 
and secondaries connected in delta. 

With the amplitude of the complex wave taken as 100, 
the following amplitudes of the harmonics were obtained by- 

analysis: 


Amplitude of the fundamental..99.34 

“ “ 3rd harmonic. 0.25 

“ “ * 5th “ 1.44 

“ “ “ 7th « 0.71 

“ “ “ 9th « 0.44 

“ « “ 11th « 0.21 


A one-ampere reflecting dynamometer wattmeter was used 
separately excited. The resistance of the current element of 


PHASE 



Fig. 1—Diagram of Connections. 


this instrument is 4.8 ohms. The resistance of the moving 
coils, including suspension and spiral, is about 30 ohms. The 
constant of the instrument when expressed by equation (1) 
is approximately 7 X 10~ 7 , where d is the deflection in mm. with 
the scale one meter distant from the mirror. 

. moving element of the instrument was separately ex- 
cited, as is shown in Fig. 1, and the current was maintained 
constant by means of an adjustable non-inductive resistance 
(am) and voltmeter (IT). 

The voltage on the telephone transformer was changed by 
changing the taps on the auto-transformer. The excitation of 
the generator was held constant. The voltage applied to the 
telephone transformer was measured by (F 2 ). This included 
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the potential drop in the current coils of dynamometer, which 
was negligible. 

The tests, were repeated using a reflecting voltmeter as an 
ammeter, with connections as given in Pig. 2. The resistance 


PHASE 



Fig. 2—Diagram of Connections. 


of this instrument is 60 ohms with the stationary coils con¬ 
nected in parallel, and in series with the moving coil. The 
instruments were calibrated by potentiometer with direct cur¬ 
rent. 

TABLE I 

EXCI TING CURRENT OF TELEPHONE TRANSFORMER AT 60 CYCLES 


Separately excited dynamometer method 


Flux density 
lines per 
sq. cm. 

Volts 

Amperes 

Flux density 
lines per 
sq. cm 

Volts 

Amperes 

328 

22.2 

0.00357 

346.8 

23.48 

0.00382 

406 

27.5 

0.00402 

416.5 

28.2 

0.00400 

4S8 

33.05 

0.004425 

490.5 

33.2 

0.00442 

569 

38.5 

0.00475 

560 

37.9 

0.00469 

650 

44 

0.00505 

632 

42. S 

0.005015 

730 

49.4 

0.00537 

694 

47 

0.00525 

811 

54.9 

0.00554 

765 

51.8 

0.00547 

892 

60.4 

0.00580 

834.5 

56.5 

0.005612 

961.5 

65.1 

0.00595 

978 

66.2 

0.005932 


The results of tests are given in Table I and Fig. 3. 

On the ^average, the agreement of the two sets of readings 
is close, but variation in individual readings is considerable. 
It is believed that this trouble may have been due to the 
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unstable magnetic properties of iron at low densities. It 
would have been better to have connected the instruments 
so that the measurements could have been made simu - 

taneously. 

T> e above tests cover a range of densities from 300 to 900 
limes ner sq. cm. In order to carry the measurements to higher 
de"-shies and to obtain larger values of current so that oscillo¬ 
graph records could be taken, additional measurements were 
taken on a 20-lb. (9.07-kg.) core of high silicon steel made up 
of 7 by 10 by 0.014 in. ring punchings. 

This core was wound with iooOj——j—j—j—|—p-j—|————i 
140 turns of 2s o. 12 B. and exciting current of telephone / 

_TRANSFORMER AT 60 CYCLES- 

S. gage copoer wire, tne re- ( 0 ^ dynamometer ammeter / 

a „ . 1 u _ SELF EXCITED - f— 

si stance of which was about w dynamometer wattmeter as j 

' " gQQ - AMMETER SEPARATELY- f - 

0.1 ohm. excited_ _ .} _ 


A diagram of connections g 7(X) _ 
, given in Fig;. 4. Portable S' 


is given in Fig. 4. Portable % -- j. - 

instruments were used alto- £ goo- ~i - 

gether in taking readings on g —- 4 - 

the 20 -lb. core. | 500 : J 

A potential of 100 volts £ ” 

was impressed upon the po- £ 400 _ ~7 _ 

tential coil of the wattmeter. S ^_ 7_ _ 

The readings of the watt- §__ 

meter were divided by 100 to 200 - 7 ^- 

obtain the current readings - 7 ^-—- 

given in Table II, column 4. 100 

It can be seen from Fig. 4 n 

that the current in the volt- 012345 0 

, Tyx . , , , . EXCITING CURRENT-MILL1-AMPERES 

meter (I 2 ) was included m ^ 

the reading of the ammeter, 

but as this was not a test on the iron, it was unimportant. 

The method of procedure was the same as before. The phase- 
shifting transformer was adjusted until the reading of the watt¬ 
meter was a maximum. The voltage on the potential coil was 
then adjusted to read 100 and A , V 2 and W were read. 

The results are given in Table II and Fig. 5. 

From Fig. 5, it is seen that below a density of 6000 lines 
per sq. cm. the error is very small. Curves 2 and 3 show the 
exciting current, and the potential waves impressed upon the 
wattmeter from the phase-shifting transformer. Curve 2 was 
taken at 5090 lines per sq. cm. The effective value of the ex- 


PLATE LXXX 
A. I. E. E. 
VOL. XXXI, 1912 



[NEWMAN] 

Curve 1—Potential Wave of Three-Phase Thomson-Houston 
Generator at No Load—60 Cycles. 



NEWMAN] 

Curve 2 Potential Wave of Phase-Shifting Transformer and 
Current Wave in Magnetizing Winding of Ring Sample at 5090 
Lines per sq. cm. 
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A. 1. E. E. 
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[NEWMAN] 


Curve 3—Potential Wave of Phase-Shifting Transformer 


and Current Wave in Magnetizing Winding of Ring Sample at 


15,400 Lines per sq. cm. 



[newman] 

Curve 4—Potential Wave of Phase-Shifting Transformer and 
Charging Current Wave of Condensers. 
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citing current was 0.271 amperes. Analyses of the current 
and potential waves give the following results: 

(The amplitude of the harmonics is expressed in percentages 
of the amplitude of the complex wave.) 

Fundamental 
3rd harmonic 
5th 
7th 
9th 
11th 


Current 

Potential 

94.1 

98.0 

17.1 

0.9 

3.82 

2.0 

1.77 

negligible 

1.58 

0.4 

0.88 

0.4 


PHASE 



Fig. 4—Diagram of Connections. 


The effective values of the harmonics of the current are given 


below: 


Effective 


Complex wave, 

Fundamental.. 

3rd harmonic.. 

5th 

7th 

9th 


11th 


amperes 

0.271 

0.266 

0.048 

0.010 

0.005 

0.004 

0.002 


Ass uming that no torque is produced by the harmonics in 
the current wave, an error of 1.8 per cent will be introduced. 
This agrees very closely with results obtained by tests. 

Curve 3 was taken at a density of 15,400 lines per sq. cm. 
The effective value of the exciting current was 4.85 amperes. 
The analysis of the current wave gives the following results: 

















1496 


NEWMAN: ELECTRICAL MEASUREMENTS [June 28 


TABLE II 

EXCITING CURRENT OF RING SAMPLE OF HIGH SILICON STEEL 
AT 60 CYCLES 




Exciting current—amperes 



Flux density 
lines per 
sq. cm. 

Volts 

Ammeter 

Separately excited 
dynamometer 

Error 

Reading of 
phase-shift¬ 
ing trans¬ 
former 

S12 

5.39 

0 0902 

0.0885 

Per cent 
1.9 

Degrees 

45 

2,542 

16. SS 

0.1665 

0.1642 

1.4 

45 

3,300 

21.9 

0.1948 

0.191 

1.9 

45 

3,375 

22.4 

0.1975 

0.197 

0.25 

45 

4,200 

27.9 

0.232 

0.2279 

1.75 

48 

5,090 

! 33.S 

0.271 

0.2667 

1.5 

48 

6,070 

40.3 

0.321 

0.3183 

0.85 

48 

6,900 

: 45.S 

0.372 

0.363 

2.4 

52 

8,610 

! 57.17 

0.506 

0.4895 

3.2 

52 

9,520 

63.2 

0.614 

0.589 

4.0 

53 

10,120 

| 67.2 

0.692 

0.659 

4.7 

53 

10.950 

i 72.66 

0.851 

0.794 

6.7 

55 

11,930 

| 79.16 

1.086 

1.019 

6.2 

58 

12,780 

; 84.S5 i 

1.396 

1.257 

10.0 

58 

13.950 

! 92.6 

2.2 

L 1.88 

14.5 

60 

14.SOO 

98.3 

3.49 

2.815 

19.3 

60 

15,400 

I 102.2 

1 

4.85 

3.91 

19.4 

64 



Fig. 5—Exciting Current of Ring Sample of High Silicon Steel 

at 60- Cycles. 
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(the amplitude of the harmonics is given in percentages of the 
amplitude of the complex wave) 


Current 


Fundamental. 49.6 

3rd harmonic. 23.9 

5th “ 10.9 

7th “ 4.5 

9th “ 1.6 

11th “ 0.2 


The effective value of the fundamental in this case is 4.05 
amperes, which would, if the potential wave from the phase- 
shifting transformer were sinusoidal, make an error of 16. 5 per 
cent in the results. 

The actual tests gave 3.91 amperes, or an error of over 19 
per cent. 

Measurements of Capacity Current of 0.5- Microfarad Con¬ 
densers. Readings given in Table III were made by the separ¬ 
ately excited dynamometer and by the dynamometer-ammeter. 

TABLE III 

CAPACITY OF MICA CONDENSER AT 60 CYCLES BY SEPARATELY 
EXCITED DYNAMOMETER AND BY AMMETER METHODS 


Volts 

Amperes 

Microfarads 

100 

By dynamometer 
0.0184 

0.485 

100 

0.0183 

0.485 

100 

0.01848 

0.488 

50.8 

By ammeter 
0.00946 

0.493 


The values of capacity were calculated from the current 
readings, using the following formula, which is for a sine wave: 

C =_-_ 

2 t rfE 

The difference in the results* by the two methods is less than 
2 per cent. 

The condenser previously measured at 0.6 sec. charge and 
1 sec. discharge by ballistic galvanometer gave a capacity of 
0.4990 microfarad. 

Sensibility of Separately Excited Ammeter. In order to obtain 
comparative measurements, it was necessary to use currents 
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of comparatively large value. For this reason the one-ampere 
coils were used in the wattmeter dynamometer. 

By varying the excitation of the moving coil, it is possible to 
make current measurements over an enormously large range 
without changing the current coils. 

The sensibilities of the instrument with different field coils ■ 
are given below: 


Rated current- 
carrying capacity 

Resistance 

Amperes 

i 

Deflection 

0,17 amperes 

154.0 ohms 

3 X 10- 5 

10 mm. 

1.0 

4.S 

2 X 10- 4 

10 “ 

3.0 

0.53 * 

i x io- 3 

1 

10 « 


By using the stationary coils as the separately excited 
element with full excitation, the following sensibilities may be 
obtained: 



Resistance 

Amperes 

Deflection 

500-turn moving coil 1 

400 ohms 

3 X 10- 7 

10 mm 

65- * a - 1 

! 65 a 

3 X 10- 6 

10 “ 


From the above values it is seen that an ammeter of very 
great sensibility is easily obtained. It has the advantage over 
a great many high-sensibility ammeters, in that the suspension 
and moving parts are comparatively rugged, and the instru¬ 
ment is not easily troubled by outside disturbances. 

Discussion of Results 

It has been shown by the above tests that comparatively 
large errors may occur if the separately excited ammeter is used 
to measure the exciting current of sheet steel at high densities. 

The complex exciting current wave may be considered to be 
composed of a sinusoidal component and a distorting component. 
At high densities this distorting'component is large and the sinu¬ 
soidal component is small in comparison. This large distorting 
component is due to the rapid rate of change of reluctivity during 
the magnetic cycle. At extremely low magnetic densities the 
reluctivity may be even higher than that above the knee of the 
curve, but the distorting component is not great because the 
reluctivity remains more nearly constant. As the density is 
lowered the exciting current wave approaches the sinusoidal 
form. 
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The results of test indicate that below a density of 6000 
lines per sq. cm., the errors obtained when using the separately 
excited dynamometer do not exceed 2 per cent. The results 
are always low since harmonics other than the fundamental 
produce no torque. The total range of measurements covered 
densities from 300 to 15,000 lines per sq. cm. 

Of course, the wave distortion will vary with different 
samples of steel, depending upon the shape of the saturation 
curve. 

Conclusions 

The sensibility of a dynamometer-ammeter is greatly in¬ 
creased by separately exciting one element from the phase- 
shifting transformer. 

Large errors are introduced when such an instrument is 
used to measure exciting current of sheet steel at high densities. 

Measurements may be made of the exciting current of sheet 
steel at densities below 6000 lines per sq. cm. with very small 
error. 

Because of the limited time available for making these 
tests several parts of the original outline had to be omitted, but 
although the investigation is limited and incomplete the useful¬ 
ness of the method is apparent for measuring exciting current of 
sheet steel at low densities. 

The writer wishes to acknowledge the great assistance 
rendered by Mr. F. Dakin in making the tests and preparing 
this paper. 
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TO MEASURE AN ALTERNATING-CURRENT 
RESISTANCE AND COMPARE IT WITH THE 
DIRECT-CURRENT RESISTANCE— 
ELECTRODYNAMOMETER 
METHOD 


BY EDWIN F. NORTHRUP 


For comparing an alternating-current and a direct-current 
resistance by the electrodynamometer method in a precise 
manner, the apparatus required is a frequency meter to measure 
the frequency of the current used (which must be known, as the 
quantity being measured will vary with frequency), an alter¬ 
nating-current ammeter to give roughly the value of the current 
(for the alternating-current resistance will also, in general, depend 
upon the value of the current), a three-point double-throw 
switch for quickly changing connections, resistances, and an 
electrodynamometer. This last piece of apparatus should have 
sufficient capacity in its current coils to carry, without 
heating, the full current. Its hanging or potential coils should 
be two in number, and so arranged as to form a system which 
is perfectly astatic in respect to the earth’s field. The constant 
of the instrument will then be the same for direct and alter¬ 
nating currents. All good electrodynamometers are constructed 
in this way. Either the Rowland deflection type or Siemens type, 
constructed to be astatic, may be used. The method to be 
described was tested with a Rowland deflection type electro¬ 
dynamometer. 

Description of Circuits and Theory of Method 
In I and II, Fig. 1 , G,G, are the fixed coils and h> h , the hanging 
astatic system of the electrodynamometer. The hanging 

1501 
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system has an ohmic resistance, a, and there is joined in series 
with this a non-inductive resistance, p\ Let p' + a = p, the 
entire resistance of the hanging coil system. In the instrument 
referred to, the resistance ol is about 18 ohms. It has a minute 
inductance, which is approximately 0.00045 henry. When p' 
is moderately large and non-inductive, we may consider, without 
sensible error, that the alternating current through the hanging 
system is in phase with its e.m.f. even when the frequency is 
high. We shall so consider it in all that follows. 

A represents a coil which contains iron. It is assumed that this 
coil has a certain ohmic resistance, Rdc , as measured by direct cur- 
rent, and a different resistance, R, as measured by an alternating 
current of a given value, wave form, and frequency. It is this 
latter resistance (not the impedance or inductance of A) which 
the method will enable us to determine. The resistance, r, is any 
resistance capable of carrying the full current. It may be a coil 
inductively wound but it must not contain iron or have such a 



section and resistivity that its resistance on alternating current 
will be different from its resistance on direct current, due to 
hysteresis, skin effect, or other cause. By a sliding contact, 
p , means must be provided for tapping this resistance at 
any point along its length, as the diagram illustrates, p is a 
non-inductive resistance, which is equal to a + p', the re¬ 
sistance of the hanging coil circuit. As will be shown later, 
the connections can instantly be changed from the arrange¬ 
ment shown in I to that shown in II and vice versa. 

We -wish first to find the general expression for the power 
which the wattmeter measures when the connections are those 
shown in I, Fig. 1. Call I the current in the fixed coils of the 
dynamometer. Call i the current in the hanging coil circuit. 
Call ip the phase angle between the currents i and I . Then 
the deflection of the dynamometer is 


D = Ki I i cos <p 


(1) 
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where Ki is the instrumental constant of the dynamometer. 
This constant in the case of a deflection instrument of the Row¬ 
land type will change slightly with the magnitude of the deflec¬ 
tion. There is also an inductive action of the current in the 
fixed coil which tends to induce a current in the hanging coil 
circuit when the plane of the movable system is not vertical 
to the plane of the fixed coils. This inductive action may vary 
in a complicated way, so equation (1) cannot be taken as strictly 
true. If, however, the system is deflected by means of the tor¬ 
sion head when there is no current through the instrument, so 
that when current is introduced the system is brought back to 
the position where its plane is vertical to the plane of the fixed 
coils, then the inductive action is null and the relation given by 
equation (1) may be considered to hold very exactly. In the 
use of the dynamometer which follows, the system should be 
deflected by means of the torsion head when there is no current 
flowing, to such an extent that, on introducing current, the 
instrument reads roughly at the zero of the scale. With this 
precaution observed, the theoretical relations will be found to 
hold very exactly. 

If we call V the impressed e.m.f. between the points a and b, 
I, Fig. 1, then the current through the hanging coil circuit will 
be 


As above stated, the current i will be approximately in phase 
with the e.m.f., 7, because the inductance of the hanging coils is 
very minute. 

By equations (1) and (2) we have 


D = — I V cos <p 
P 


But I V cos <p is the entire power, W t . This power is the sum of 
two parts, W, the power consumed in A (I, Fig. 1) between the 
points a and 6, and W', the power consumed in the hanging coil 
circuit. The value of this latter is 


(4) 
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Thus we have 


From equation (6) 


and from equation (5) 


V z . 

— is generally a small quantify, p is known very precisely 

r 

and V can be obtained with a voltmeter, honee equation (7) 
enables the true power spent in A to be accurately obtained. 
It is equation (8), however, which we wish to use in measuring 
the alternating-current resistance of A. 

With the connections as shown in I, Fig. I, the torsion head is 
turned, so that, with the current (as steady as possible) which is 
flowing, the deflection reads near the zero of the settle. The total 
power then being registered is given by equation (8). 

The connections arc now quickly changed to those shown in 
II. The main current will not be altered by this change in con¬ 
nections, for the resistance p is simply made to change places 
with an equal resistance. The total power which is registered, 
however, will now be 

Wi = p iy 

AT, (9) 

when D is the deflection which the dynamometer now gives. 
The contact, p, is moved along the resistance, r, until the defier- 
tion D' is made equal to the deflection D, then 11'/ will beeoual 
to W t . ' 1 

Since the main current, /, is the same for the connections I 
and II, we have 


or 


W, m p R' = p r < 

R'm r' 


(10) 

(11) 
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Here the quantity R* is not the alternating-current resistance 
of the coil A hut it is the alternating-current; resistance of this 
coil when shunted with the nnn-mdueiivc resistance p. Sim¬ 
ilarly r f is the alfernat impeurrenl resistance of r when shunted 
with the non-inductive resistance p. 

We can write 


R f f) ^ K 

P i A* 


and r* 


P \-\r 


The alternating* inuTent resistance of t wo parallel circuits when 
one or both of the branches contain reactance is not, given by the 
same expression as applies when the branch circuits are without 
reactance; hence the ordinary expression for branch circuits 

. p A . 

without, reactance, nanniv , it ,musl be multiplied bv some 

p A 

factor K the value of which we now have to determine: also the 
factor An If is shown in '* Alternating ihtrrenJs M by Bedell and 
Crehore, pages 2MH to 241, how the alteruat ini'* current, resist¬ 
ance, or, as they call it, the equivalent resistance of any number 
of parallel circuits having self'induction and carrying alternating 
current, may he express* d. It is there howu that in general 

K f - 4 „ ,, where* 


AY I .v,« 5 !<f \ \: 


V / 

#AMm! A " | * A 


AY I x r 5 Rf f 


-v 

am 4 R‘ 1 X* 


in which expressions R u A\*. etc., are ohmic resistance}* and 
Xu .V-:, etc,, are reactitnees of the several branches. 

We can now find expressions, which will give the values of 
K and k, 

Here we have 

I R 
A I 

P 1 A" f- ,v* 

ami 


m -f x* 
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"W e cannot, because of the necessity of brevity, give here the 
purely algebraic processes required for obtaining the final ex¬ 
pressions, so we shall present only the final results, which are 
as follows: 


' [ (R + p) 2 + **] R 

„ n ^2 

b = I J_ R '*' 1 _ 

l(r + p)» + Xi *}t 

Call the fractional expressions a and aq respectively, then 
K = 1 + a and k = 1 + a x . 

This gives 

l + “) = p^7 (! + «,). 

It will be shown that, in general, when a sensitive electrodyna¬ 
mometer is used, a and ot\ are very small quantities which in most 
cases can be neglected. 

We have the following cases: 

1. a and aq are negligible. Then 

R = r (12) 

2. a and oci are not negligible but are very nearly equal. 
Then again R = r 

In these two cases the alternating-current resistance sought 
may be taken as numerically equal to the resistance r . 

3 . a i = o but a is not negligible. In this case 

R = r 

1 + a P-±l (13) 

P 

4. a and a.i are not negligible and are unequal, but p is very 
large. Then again we can take R = r. 

Consideration of a single example of the third case will suffice 
to show the magnitude of the error which may be introduced by 
omitting the correction. The example chosen is from an actual 
measurement. With the electrodynamometer available, only 
1/10 ampere could be passed through the fixed coil and hence, 
the potential drop over the coil A and over the resistance r being 
small, the resistance p had necessarily to be taken very small to 
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give the requisite sensibility. If the dynamometer coils could 
have carried (as is ordinarily the case) several amperes, p would 
have been much larger and the error would be much less. In 
the example ai = o, and 

p (2 7r N L) 2 

“ ~ [{R : fW+ (2 f N Lf ] R 

300 (2 X 3.14 X 60 X 0.036) 2 
~ [ (11 X 300) 2 + (2 X 3.14 X 60 X 0.036) 2 ] 11 


or a = 0.052 nearly. 


Hence 


R = r 


1 


1 + 0.052 


311 

300 


0.948 r. 


Thus if we had called R = r the error would have been about 5.2 
per cent, R being assumed too large. This conclusion was 
checked experimentally. Without changing the ohmic resistance 
of the coil A , its inductance, which was capable of variation, was 
varied from 0.003 to 0.036 henry, and in the first case, using 
the uncorrected formula, R = 10.94 ohms, and in the second 
case, using the same formula, R = 11.62 ohms, or six per cent 
too large, which is in fairly close agreement with the calculated 
result of 5.2 per cent. 

If the fixed coils of the dynamometer had been made to carry 
10 am peres instead of 1/10 ampere p could have been 100 times 
as large, in which case the correction factor would reduce to about 
0.05 per cent. 

The above adjustments having been made, direct current can 
be made to replace the alternating current and in the same way 
we find the direct-current resistance of A. It will be 

R ic = n (14) 


Rdc r x (15) 

is the ratio of the alternating-current to the direct-current resist¬ 
ance of the circuit A. This ratio may take a value of two or more. 
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It should be clearly understood just what is meant by the 
quantity R which this method measures. It is a quantity 
which, expressed in ohms and multiplied by the square root of 
the mean square value of the alternating current through the 
circuit, expressed in amperes, will give the square root of the 
mean square value of that component of the impressed e.m.f. 
expressed in volts which is in phase with the current. Or, it is 
the quantity which, when multiplied by the mean square value 
of the current, will give the power in watts which is being dissi¬ 
pated in the circuit. In drawing the triangle of e.m.fs. of an 
inductive circuit one sometimes represents the component of 
the e.m.f. which is phase with the current by the product of 
the current and the direct-current resistance, Rdc . This pro¬ 
cedure may lead to considerable error in circuits in which there 



are other losses than the / 2 Rdc losses. In such circuits the alter¬ 
nating-current resistance, R y should always be used. 

Method of Execution 

For making the above measurement the apparatus is assembled 
and connected as shown in Fig. 2. 

D is the electrodynamometer with its hanging system h. 
The heavy or light wire fixed coils are used according to the mag¬ 
nitude of current with which the measurement is to be made. 
The light wire fixed coils will carry (in the Rowland instrument) 
0.1 ampere and the heavy wire coils will carry 50 amperes. 

C is the alternating-current ammeter and F the frequency 
meter. P is a rheostat to control the main current; <> is a switch 
to shift from direct current to alternating current and vice 
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versa. 5 is a three-point double-throw switch which in position 
(1) makes the connections shown in I and in position (2) makes 
the connections shown in II, Fig. 1. r is best obtained from a slide 
wire rheostat of considerable current capacity. It does not need 
to be non-inductive, but must contain no iron. If its re¬ 
actance is just equal to that of the coil being measured, a. = 
and R — r exactly. 

After the settings for p have been found, the connections are 
broken at (3) and (4) and the direct-current resistance value 
of r is measured with a Wheatstone bridge or by any other con¬ 
venient means. 

The resistances p and p' may be obtained best from plug or 
dial decade resistance boxes. These may be high, 10,000 ohms 
or so, depending entirely upon the current used, the magni¬ 
tude of the resistance being measured, and upon the sensibility 
of the instrument. 

The torsion head may be turned so that the no-current deflec¬ 
tion is between 100 and 200 divisions of the scale. By then 
adjusting p the deflection with current on may be made to come 
near the zero of the scale. 

It will be found, if A consists of an ironless variable standard 
of inductance, that the variable standard may be set to any 
inductance value without much altering the deflection. The 
change in the deflection will be less as p is made larger. 

This method will be found useful in measuring the alternating- 
current resistance of steel-cored copper or aluminum cables, 
which differs considerably from their direct-current resistance. 

The following test of this method was made for the purpose of 
showing how large a correction would be required when p was 
chosen only 300 ohms and L was varied between 0.003 and 0.036 
henry. 

The resistance measured was that of a variable standard of 
inductance, which should, of course, show the same value on 
direct and alternating current, at whatever value its inductance 
is set. 

(a) L — 0.003 henry. 

With alternating-current in circuit. 

Dt — 244 (no current). 

D = D r = 0 (current flowing). 

R — r — 10.94 ohms. 

I =0.08 ampere. 

N =60.2 cycles. 

p = 300 ohms. 
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(b) L = 0.036 henry. 

With alternating-current in circuit. 
Dt = 253 (no current). 

D =D' =0 (current flowing). 

R = r = 11.62 ohms. 

/ =0.08 ampere. 

jV = 60.2 cycles, 

p = 300 ohms. 

With direct-current in circuit. 

£>* = 244 (no current). 

D = D' - 0 (current flowing). 

= r = 10.94 ohms. 

Ida =0.08 ampere, 

p = 300 ohms. 
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Discussion on “ A Tubular Electrodynamometer for 
Heavy Currents ” (Agnew), 

“ Measurement of Alternating Current of Low Value ” 
(Newman), 

f£ To Measure an Alternating-Current Resistance 
and Compare it with the Direct-Current Resist¬ 
ance—Electrodynamometer Method ” (Northrup), 
Boston, Mass., June 28, 1912. 

W. H. Pratt: Dr. Agnew’s paper tells about the usual pro¬ 
cedure in making a wattmeter for high current measurements, 
by stranding. the conductor. Now, stranding the conductor 
must necessarily be done in a very careful manner, otherwise 
troubles will be encountered, but it performs two functions: 
it prevents the formation of eddy currents due to the field 
of the current coil itself, and it also prevents the formation of 
eddy currents due to induction from the moving coil. In an 
instrument in which you are going to get the highest possible 
sensibility it would seem that this should be taken account of. 
I see no reference to this in the paper. 

In a discussion of the paper presented by Sharp and Crawford, 
at the Jefferson meeting of the Institute, in 1910, I gave a brief 
description of a reflecting dynamometer which we constructed 
some two and a half years ago for doing substantially the same 
work that the instrument described here is intended for. The 
two instruments differ in this way: The instrument described 
in Dr. Agnew’s paper is evidently an attempt at making an 
instrument of which, from its geometrical constants, the accuracy 
characteristics can be determined. The instrument which we 
constructed was an instrument so designed that we were able 
to compare its performance directly with instruments of very 
small capacity in order to determine the limits of its accuracy. 
The instrument that we constructed, I think, is much more 
flexible than the one here described, because we can use it with 
the highest kind of accuracy in currents as low as 50 or 25, or 
even 10 amperes, and then can immediately go to 2000 amperes 
capacity. The heating of the conductor is negligible in any case. 
m The limits of accuracy of this type of instrument would seem 
to depend fully as much on the character of the suspension as 
on the other characteristics, and I am very much surprised 
at the statement that one-half of one-tenth per cent is thought 
possible, although one-tenth of one per cent certainly is definitely 
possible with the instrument that we worked with. 

J. D. Ball: In reference to the paper Measurement of 
Alternating Current of Low Value , mention is made of the use 
of a portable wattmeter as an ammeter, by which Fig. 5 was 
derived. 

This arrangement is of considerable value for measuring low 
currents, below the range of the portable alternating-current 
ammeters. An ordinary portable wattmeter with full field 
utilizes in the moving coil about 0.04 amperes for full scale 
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deflection. Separately exciting the field coil to the full rating, 
and passing the current to be measured through the moving 
system, gives an ammeter scale of 0 to 0.04, which is consider¬ 
ably better than an ordinary alternating-current portable am¬ 
meter, having the advantage of a uniform scale, instead of a 
scale of squares. When the current is smaller than can readily 
be measured by this means, the reflecting dynamometer is, of 
course, the correct instrument to use. 

It is often the case that measurements of this kind arc 
desired, and there is no phase shifter convenient. In such an 
event, good results may be obtained by the use of resistance 
and reactance in series with the separately excited, coils and 
“ juggling ” until maximum reading is obtained. 

When using the phase shifter, instead of obtaining a maximum 
deflection, it is perhaps more satisfactory to obtain zero deflec¬ 
tion and to read the ammeter after a phase shift of 90 degrees. 

It also happens that small currents arc 4 to be measured when 
the circuit is non-inductive, or the phase relations are definitely 
known, in which cases the separately excited wattmeter may be 
used without phase shifter or resistance and reactance in circuit. 

Small voltages may be measured by the same general method, 
by exciting the current coils of a reflecting dynamometer and 
connecting on the moving coils, 

Frank Wenner: Dr. Agnew asked me to make a few remarks 
in regard to his paper, and particularly in reference to a change 
which has been made since the paper was sent in. In the paper 
mention is made of the fact that the damping of heavy lugs in 
making connections with the instrument had sprung the inner 
tube in such a way as to throw the arrangement out of symrnel ry, 
and that later the end terminals were dumped to prevent this. 
It was found very difficult always to prevent a, slight amount of 
springing in connecting very heavy leads, so a change has been 
made. A slight flexibility is secured by cutting a circle 10 cm. 
in diameter from the outside copper slab which* serves as a cur¬ 
rent terminal. The inside tube passes centrally through this 
10-cm. disk of copper, and the latter fits into the hole in the cop¬ 
per slab from which it was cut, the dedrieal connection being 
obtained by amalgamating the joint. This gives the desired 
flexibility. 

M. G. Lloyd: In connection with the measurement of very 
small alternating currents, it may be of interest to mention 
another instrument for that purpose, known as the thermo¬ 
ammeter, which has some particular characteristics which make 
it valuable for that purpose. Besides being a very sensitive 
instrument, it can be constructed without appreciable inductance, 
if necessary, and that is particularly valuable in many classes 
of high-frequency work, such as wireless telegraphy. The 
thermo-ammeter has a heating element which is in the main 
circuit, The heat developed in this resistor is applied by radia¬ 
tion to a small thermocouple which is in the moving-coil circuit 
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of an ordinary d’Arsonval movement. You consequently get 
the characteristics of the direct-current instrument in the 
indicating part and have all the advantages of the hot-wire 
instrument in the energy-producing or actuating part of the 
instrument. The great difficulty which I found with such an 
instrument, however, was the extreme slowness of the action. 
I think, perhaps, that could be improved by a better design; 
but it had that feature, which is to some extent common, per¬ 
haps, to all hot-wire or heating-element instruments. 

In using a dynamometer, of course, great gain can be made 
by having an auxiliary current in the field, as the author has 
pointed out in this paper. The great disadvantage comes in 
in the case of wave distortion, which is always found, of course, 
in the use of coils containing iron. It occurs to me that the instru¬ 
ment might be used to great advantage in that case, by putting 
a similar coil in the field circuit. By using iron of about the same 
quality and saturated to about the same amount with flux, the 
wave distortion might be made approximately the same, and the 
instrument might then be used for that purpose. As the author 
has shown, it can hardly be so used under the conditions which he 
described. 

It seems to me a word of appreciation of Dr. Agnew’s work 
would be in order here. This dynamometer for heavy currents 
which he has designed seems to have eliminated all the ordinary 
sources of trouble in a dynamometer for such extremely high 
current. He has covered all the heretofore practical objections 
in the design and use of such an instrument, and it looks as 
though he had really solved the problem of the measuring of 
large currents. 

Taylor Reed: With reference to Dr. Northrup’s paper, he 
has indicated the measurement of alternating-current resistance, 
to use his term, to a considerable degree of refinement; in fact, 
to a greater degree of refinement than is necessary for most 
measures at commercial frequencies. Dr. Northrup speaks in 
particular of the unsteadiness of the circuit, and the difficulties 
arising from that, and he uses a very quick switch thrown back 
and forward, which, of course, eliminates nearly ail of the error. 
In making similar measurements I have sometimes found it 
convenient, where two dynamometers are available, or where the 
measurements are being made with commercial instruments, 
like wattmeters, to use two, one connected to what you might 
call a self-calibrating resistance continually, and the other 
switching back and forward from the calibrating resistance to 
the unknown, or measured, resistance. Any violent fluctuation 
in the alternating-current source, to which the line may be 
very much subject, is readily shown, and in case the current is 
persistently unsteady can even be allowed for within moderate 
limits. 

This subject of measuring conductors under alternating- 
current conditions is increasingly important. For instance, the 
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old discussion has gone on for a long time between copper and 
a uminum until it has come to seem as though there were no 
. f r r i 0nd ^ Ct0rS: w ^ ereas ^ we run over the elements, one 
$5 th ® oth er, we come to the fact, which is a very true one, 
although very ludicrous in its impracticability, that metallic 
sodium is a great deal cheaper than either of them. But, of 
course, the use of steel has been made necessary on account of 
its strength for long spans, copper-clad steel, in particular, 
having become of practical value. Also, considering the whole 
range of measurements at high-frequency alternating-current, 

^ d °f, S aS u ? 0me b . etter term for fhis quantity which is 
measured than alternating-current resistance” or “effective 
resistance _ should be provided for general use. 

A. L. Elhs: I have been very much interested in the tub ular 
electrodynamometer reported by Dr. Agnew for measuring 
f , ,7 curren ts, as I have met the necessity for a dynamometer 
ot this type very frequently in my work. I have also used the 
water-cooled dynamometer referred to by Mr. Pratt and can 
testily to its accuracy. 

one point that seems difficult to overcome in the 

d trTu meter / n t. d t , hat is the distribution of the current 
through the tubes and the location of the tubes to bring every- 
thing coaxial, and maintain this condition. * 

In case of the water-cooled dynamometer, such disturbances 
, ^ exist ’ b eca use the current terminals, themselves, are two 

with 7 J 2?? er , bars that can be placed one directly over the other, 
ith sufficient insulation between them, and securely bolted to 

, ngd - con ! tr uction. Attaching the leads 
stant nf ' + the location of any of the parts affecting con- 

tS Lm t0 A an observ able extent. The tubes forming 

^ ° f the dynamometer are attached to the further 
heav ycopperbars. The turns of the current coil 
can be so arranged that the astatic moving coils can be readily 
removed from the field without disassembling. The Jreat 
ifficulty with all of these instruments is the suspension If 
we could only get nd of this suspension, we would get rid of 

dv^ t mnSt al ^ rioubie in connection with the water-cooled 
ynamometer. There is one other point in connection with the 
water-coded dynamometer that must be borne in mind, and 
that is, you must be sure iron does not get into the pipe forming 

Hl e +p C r m J ent °?u S ' ■ Iron wiJ l sometimes get into the circulating 
water from the iron service pipes, but this is readily over- 
come by passing the water through a glass vessel used as a 
settling chamber for the circulating water. ’ 

Edward B. Rosa: One very great advantage of the tubular 
dynamometer that has not been mentioned is the fact that there 
is such a small stray field. The magnetic field is between the 
tubes, and there will be absolutely no stray field if the tubes 

S strfvTld fl f T th ere V f C0Ur "> SOme -o-d tie end but 
the stray field at those places is extremely small. With an 
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electrodynamometer using coils of such character that the 
magnetic field extends a considerable distance from the instru¬ 
ment, errors may be introduced due to the presence of metallic 
masses in the neighborhood of the instrument or in the parts of 
the instrument. In the case of a dynamometer for measuring 
heavy currents, such as several thousand amperes, the stray 
field may be very considerable. In the tubular dynamometer, 
however, the magnetic field is almost completely included 
between the inner and outer tubes, and this is a very great 
practical advantage. This instrument has been thoroughly 
investigated, and there is no serious difficulty in respect to the 
centering of the tube. Fortunately, there is a definite test that 
can be applied to show that the current is symmetrically dis¬ 
tributed. 

L. T. Robinson: With regard to the measurement of small 
alternating currents, I think I might bring out one point quite 
clearly. We have three things which have been referred to in 
the discussion: the series-connected dynamometer, the thermal 
instrument in which substantially a D’Arsonval galvanometer 
is used on the thermocouple, and the separately excited dyna¬ 
mometer, which is, of course, as has been mentioned, subject to 
some errors. The conditions as to sensitiveness, etc., that can 
be met with these instruments do not conflict. The series 
dynamometer can be used up to a certain point. After that 
we can use the thermal instrument, and away beyond that in 
sensibility, as I have found it in my work, is the separately 


excited dynamometer. 

P. G. Agnew: In regard to the tubular dynamometer, Dr. 
Wenner has already mentioned the fact that a somewhat flexible 
connection to the inside tube has been secured by cutting one of 
the heavy copper slabs serving as current terminals and using 

an amalgamated joint. „ , . , 

Mr. Pratt has raised the question whether there may not be 
errors due to eddy currents in the copper tubes caused by cur¬ 
rent in the moving coil. At commercial frequencies no error 
whatever could be detected due to this cause. Even at 900 
cycles, with full rated current in the moving coil and the held 
system short-circuited, the deflection does not exceed 0.1 mm. 

at any part of the scale. . . . . 

The point made by Mr. Ellis in regard to iron impurities 
settling in the copper tubes which form the field system of his 
instrument is a very interesting one. _ The only part of our in¬ 
strument which needs water cooling is the inside tube, and as 
there is no magnetic field inside this tube there is not much 
chance of the sediment causing trouble by becoming magnetized. 
However, it may be well to adopt the suggestion as an added 


precaution. 
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ELECTRICAL MEASUREMENTS WITH SPECIAL 
REFERENCE TO LAMP TESTING 


BY EVAN J. EDWARDS 


Perhaps there is no kind of testing for commercial results 
that requires more accurate electrical measurements than the 
testing of incandescent lamps. All incandescent lamps are 
very sensitive to changes in the electrical conditions of the cir¬ 
cuit. A change of 1 per cent in pressure brings about a change 
of 5.7 per cent in luminous intensity for carbon lamps and 3.7 
per cent for tungsten filament lamps. There is a corresponding 
change in the life, but of a magnitude four to five times as 
great. 

An average deviation of luminous-intensity readings of 0.4 
per cent from the arithmetical mean is obtainable with good 
photometric apparatus, calling for a voltage accuracy of 0.1 
per cent in the same precision measure. 0.1 per cent is generally 
considered good enough for life testing also, even though the 
life is affected more than the luminous intensity by a given 
change in pressure, the justification being that the individual 
variation, inherent in a group of supposedly similar lamps, is 
considerable. 

It seems safe to say that photometric and lamp testing labora¬ 
tories should maintain an accuracy of 0.1 per cent in their 
electrical measurements, that is, the electrical measurements 
should furnish results which have little probability of being 
in error by more than 0.1 per cent. Not only should the in¬ 
struments be capable of better than 0.1 per cent accuracy in 
reading, but also calibrations should be sufficiently accurate 
and frequent and with sufficiently well established standards 
to insure an accuracy of 0.1 per cent in the final result. 

1517 
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It may be of interest to consider t he things upon which ul¬ 
timate electrical accuracy depends and the methods made use 
of, in the engineering department of the company with which 
the writer is connected, for obtaining’ this desired degree of 

electrical accuracy. 

The accuracy of electrical measurement- may be said to 
depend first on the accuracy of the instrument, and second on 
the care and skill exercised by the observer. 

An investigation of instrument accuracy involves first the 
testing of the mechanical characteristics. A voltmeter must 
have a friction drag of less than the accuracy desired in t he result 



Fig. 1 Calibration of Laboratory Stanmaku Ai.iiuinw uno 
Current Voltmeter No, ub, 


in order that it may be safe and convenient to use. The dee* 
trical and mechanical characteristic:; uni t be such that the 
reading corresponding to a given pressure is closely the same 
throughout a range of temperature and change in position w ,Hi 
as wi 1 be encountered in use. Also, the proee « of .*»!>!,ration 
and the basic standard must be of sufficient precision. A eaiv- 
ful companion with a potentiometer, using stands ml cells of 
proved accuracy, taking readings up and down seal:- and for 
both directions of current, combine. 1 with a close inspection, 

furnishes a complete test of the instrument. Fig. 1 shows re- 

suits from a test on an a-c. instrument. 
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Surely all electrical instruments in a lamp testing laboratory 
should be tested periodically and, moreover, it is desirable 
that the results be recorded in chronological order. The ad¬ 
vantages of maintaining a record are self-evident. All instru¬ 
ments in the engineering department are calibrated periodically 
according to a fixed schedule and the results are recorded in 
a graphical form which furnishes at a glance the past history 
of the instrument. The frequency of calibration depends upon 
the use to which the instrument is put; for example, a laboratory 



2_Calibration of Laboratory Standard Alternating- 

Current Voltmeter at 120-Volt Point. 

Voltmeter No. 33. 


standard alternating-current voltmeter used for checking the 
voltage on the life test racks is checked with the potentiometer 
daily. The curve of Fig. 2 shows the record of this particular 
instrument, over the past six months. Since this.instrument 
is maintained at nearly constant temperature,, being in con¬ 
tinuous service, and is undisturbed in position, it is interesting 
to note that the record is what may be termed a life curve of 
the dynamometer type of instrument. The change of cali¬ 
bration is no doubt due to the weakening of the spring. 

A new standard cell is obtained regularly twice per year, 
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in addition to others obtained as needed. Two are kept apart 
at all times as reference standards and are used only for check¬ 
ing the cells used regularly on the potentiometers. This pro¬ 
gram in connection with the continuous graphic history in the 
calibration of a large number of instruments, practically elim¬ 
inates all possibility of error or drift in the value of the unit 
used as a basis for the laboratory work. 

The subjective factor which enters into meter reading is an 
important one and one seldom given sufficient attention. 
Aside from the ordinary care and judgment required in the use 



Fig. 3—Estimation of Tenths. 

Test A—600 readings. 


of electrical instruments, the accuracy depends on the skill of 
the observer in precise reading. The reading involves two 
kinds of subjective errors, the accidental or indeterminate such 
as occur in all measurements, and the error due to a mistaken 
idea as to the scale position corresponding to the various tenths 
between smallest division. Among untrained observers there 
is also a favoritism shown for certain digits, as is shown by Fig. 
3, which records the percentages of various digits representing 
the estimation of tenths for a large number of readings for one 
particular observer who has a preference for certain digits, 
especially zero. & 
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Fig. 4 shows two meter setting curves which were obtained 
by averaging the curves for a large number of observers, and which 
are fairly typical. The deviation of the u setting ” curve from 
the straight line is a measure of the error m the average obser¬ 
ver’s idea as to the position of the various tenths, and the devi¬ 
ation curve is a measure of the accuracy which the average 
observer can attain in the setting of the pointer in the posi¬ 
tion which he thinks is the correct one. No doubt the setting 
curve is what would be expected, the positions between 
five tenths and ten tenths being in error by about the same 
'amount as those from zero to five tenths, but in the opposite 
direction, showing that the average observer obtains the upper 



Fig. 4—Precision of Meter Reading. 

Estimation of tenths between smallest divisions. 


values by subtracting a certain distance from the upper line, in 
the same manner that he obtains the lower ones by adding the 
same distance to the lower line. The five-tenths point is about 
right, as would be expected. Tests have shown that various 
observers show vastly different but reproducible characteristics 
both from the standpoint of error in idea as to position an 
of precision of setting. This is especially true of the precision 
of setting. Some have a low average deviation from the mean for 
the line and midway positions and others at the intermediate 
values. This test is valuable in that it furnishes a measure o 
both the directional and unavoidable errors to be expec e , 
more than that, it allows the observer to correct his mistaken 
idea which previously was not known to exist. ■. 
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It was found that for every-day use on photometric equip¬ 
ment, the precision attainable with portable instruments was 
not sufficient to furnish the desired accuracy, and as a result 
large laboratory standards and deflection potentiometers were 
substituted. The scales of these can he, in most eases, read to 
the nearest 0.1 per cent without estimation of tenths. 

The indicating instrument used for the continuous obser¬ 
vation of life test voltage, at the laboratory with which the 
writer is connected, is an interesting feature in itself, apart 
from the laboratory standard used for periodic comparisons. It 
is well known that a switchboard operator prefers an instrument 
to which no calibration correction need be applied, that is to say 
he prefers to adjust the voltage to a line which is labeled as 
the voltage at which he is instructed to run. This feature of the 



Fig. 5 


subjective problem finds no application in most laboratory 
precision work, but is worthy of consideration in this particular 
instance as in central station operation where a constant con¬ 
dition of operation is desired. 

It is well known that no instrument can be made which will 
maintain a zero correction, even though initially adjusted very 
carefully to that value. Many instruments on the market can 
be made to read correctly ..at one point on the scale by si lifting 
the zero point by means of the adjustment of the spring. Such 
instruments are difficult of accurate adjustment, however, and 
moreover furnish no means of recording the calibration for a 
history of the performance of the instrument. Pig, f> shows 
the scale of the instrument designed to overcome this diffi¬ 
culty. The scale can be shifted by means of a rack and 
pinion at the top (not shown) to the proper point to make 
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the indication correct at the 120-volt point, the one used 
in this case. The calibration is indicated by the stationary 
pointer near the bottom of the scale. The instrument is cali¬ 
brated daily and the correction recorded, and when the trend 
of the calibration curve shows a drift of more than 0.05 volts the 
scale is shifted and the new reading of the stationary point 
is made a new addition to the history of the instrument. 

This instrument is of the dynamometer type, air-vane-damped 
and practically free from jewel friction. It has been in service 
only a short time, but promises to fulfil the requirements very 
well. 

A graphic recording voltmeter is used in connection with the 
indicating instruments, but cannot be depended upon as a pre¬ 
cision instrument, due to the comparatively large friction in the 
movement and the tendency to wear a rut, so to speak, in the 
movement, at the one point where it is constantly used. It is 
useful only in that it records any comparatively large change 
which may take place, and the time at which service is inter¬ 
rupted and resumed. 

All must agree that in a photometric and lamp testing labora¬ 
tory a great deal of thought and much time must be continually 
applied to the question of electrical measurements in order that 
those in charge may be assured that the desired accuracy is 
maintained at all times. 




A paper presented at the 29th Annual Con¬ 
vention of the American Institute of Electrical 
Engineers, Boston, Mass., June 28, 1912. 


Copyright, 1912. By A. I. E. E. 


INCANDESCENT LAMPS AS RESISTANCES 


BY T. H. AMRINE 


Incandescent lamps have long been used as resistances in 
electrical measurements, but they have not been used over nearly 
as wide a range and variety of work as they might be. The 
reason for this is probably that information as to the resistance 
values and characteristics is not generally available and for 
that reason the proper lamps can not be easily selected. It 
is the purpose of this paper to emphasize the value of incan¬ 
descent lamps as resistances, to give some information regard¬ 
ing the resistance characteristics, ranges of resistance and current 
carrying capacities available, and such other information as will 
assist one in the selection of the proper lamps for any particular 
purpose. 

The principal advantages of lamps as resistance are, of course, 
their general availability and their low cost. These are of 
especial importance in experimental work, where delays and 
expense under the best conditions often seriously impede pro¬ 
gress. A wide range of lamps suitable for use as resistance 
can be kept in stock in a laboratory with a very small outlay 
of money and if properly selected and used will to a large extent 
take the place of a much more expensive equipment of rheostats, 
resistances, etc. The list price of a lamp which will carry 0.11 
amperes and has a resistance of 2150 ohms is only 18 cents, 
which is probably less than the cost of an equal amount of resis¬ 
tance of like carrying capacity in any other form. 

The fact that a very wide range of temperature coefficient of 
resistance is available in incandescent lamps is well known, 
perhaps, but is taken advantage of to a much less extent than 
is possible. Commercial lamps are now being made with un 
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treated carbon, treated carbon, metallized carbon, tantalum 
and tungsten filaments. These materials range in temperature 
coefficient from a pronounced negative to a large positive value. 
In Figs. 1, 2 and 3 are given curves plotted between per cent 
normal current and per cent of cold resistance, lor lamps with 
the various filament materials which are now in commerical use, 
and for a few forms of treated carbon (Fig. 3) that are not in 
commercial use but which have been made specially. These 
give an idea of the range in temperature coefficient available. 
It is seen from these curves that for limited ranges almost any 
desired change of resistance with change of current can be select¬ 
ed, ranging from a pronounced decrease to a very large increase, 
as well as a practically negligible change of resistance with cur- 
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rent. In connection with these curves it may be necessary to 
explain that in undergoing the “ flashing ” or “ treating ” 
process carbon filaments decrease in resistance an amount de¬ 
pending upon the amount of treatment given. Hence, the curve 
marked “ 50 per cent treatment ” would refer to a filament 
which had been treated until its resistance had decreased to 
50 per cent of its initial resistance. Commercial carbon fila¬ 
ments are treated to approximately 60 per cent of their initial 
resistance. 

Below is given, for the various commercial filaments, a table of 

i?i /FA* 

exponents X in the equation -y = lyj which gives the change 

in resistance R with changes in F, where F represents the various 
quantities, candle power, efficiency, volts, watts and current. 
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TABLE I 



Values of X for ! 

| 

F 

Untreated 

Treated 

Metallized 




carbon 

carbon 

carbon 

Tantalum 

Tungsten 

Candle power. 

—0.045 

—0.015 

0.050 

0.060 

1 

0.115 | 

Efficiency.. 

0.070 

0.020 

—0.075 

—0.100 

—0.200 ; 

Volts. 

—0.310 

—0.075 

0.230 

0.260 

0.420 j 

Watts. 

—0.135 

—0.035 

0.130 

0.150 

0.260 j 

Current. 

—0.235 

—0.070 

; 

0.300 

0.350 

i 0.720 j 

i | 


These are average exponents which are approximately correct 
over a range of 20 per cent either side of the normal voltage of 
the lamps. By their use the resistance corresponding to any 
value of the function F can be determined, knowing the resistance 
at some other value, say normal, of the same function. 

Below is given a table which shows the maximum resistance 
which is available in commercial lamps for various ampere 
capacities. 


TABLE II 


Type of filament 

Amperes 

Maximum 
resistance 
obtainable 
at given 
amperes 

Commercial rating 

Untreated carbon 

0.077 

1690 

10-watt 130-v 

oit 

u u 

0.110 

2520 

30 

“ 275 

u 

Treated carbon 

0.154 

845 

20 

“ 130 

u 

U u 

0.365 

754 

100 

“ 275 

“ 

U a 

0.920 

141 

120 

“ 130 

a 

u u 

1.00 

75 

1-ampere resistance lamp 

u U 

2.00 

13 

2- 



j u « 

3.00 

8 

3 

“ 


a u 

3.85 

36 

500-watt, 130- 

volt heater lamp 

Metallized carbon 

0.231 

563 

30-watt, 130- 

volt 

u « 

0.462 

282 

60-watt 130- 


« « 

0.77 

169 

100 

« 130 


Tungsten 

0.077 

1690 

10 

130 

a 

0.145 

1900 

40 

“ 2 7 o 


K 

0.218 

1260 

60 

a 275 

u 

it 

0.364 

760 

100 

w 275 


« 

0.510 

530 

150 

“ 275 

u 


0.910 

300 

250 

“ 275 

44 

K 

1.18 

110 

150 

“ 130 


u 

1.92 

68 

250 

« 130 

1 

U 

3.84 

34 

500 

‘ 130 

“ I 

K 

5.00 

20 

| 500 

* 100 
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The resistances given above are “ normal ” resistances, that 
is, the resistances at the rated normal voltages of the various 
lamps. The resistances at other currents can be obtained by 
reference to the curves of Figs. 1, 2 and 3 or by use. of the expo¬ 
nents given in Table I. 

In almost all cases lamps of lower resistance, but having about 
the same ampere carrying capacity, can be obtained in regular 
commercial lamps. 

In order to select the proper resistance lamps for any purpose 
it is necessary to have the following information: 

1. Resistance. 



Fig. 2 

2. Current carrying capacity. 

3. Degree of incandescence permissible. 

4. Change in resistance with change in current that is al¬ 
lowable. 

In selecting the lamp it is first necessary to know the per cent 
normal current at which the various types of lamps will give 
the desired degree of incandescence. Table III will enable one 
to choose these values. 

The degree of incandescence permissible depends upon whether 
or not light is objectionable, upon the desirability of constancy 
over long periods of use and upon the necessity of long life of 
the lam ps. The average total life of an incandescent lamp at the 
commercial efficiencies can be assumed at 1000 hours. A one 
per cent decrease in current below normal will increase the life 
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' 24 per cent, depending upon the type of filament, 
the lamps are operated a few per cent below normal 
ive a very satisfactory life. Operation above normal 
irse, decrease the life in the same ratio. 


TABLE III 



Per cent of normal current 


Untreated 

carbon 

Treated 

carbon 

Metallized 

carbon 

| 

Tantalum 

Tungsten 


12 

14 

17 

20 

23 


IS 

20 

i 24 

26 

2S 


28 

| 30 

j 33 

35 

3S 


he curves of Figs. 1 and 2 one can select the type of 
fh. will give most nearly the desired current-resistance 
b the proper degree of incandescence, ismowing the 
current at which the lamp is to be operated one can 



Fig. 3 


from the curves the corresponding per cent resistan . 
,m this can be calculated the normal resistance of the 
lamp From the normal resistance and normal current 
toge and wattage of the lamp can be determmed. W hen 
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possible, of course, it is very desirable to select a lamp which 
is a regular commercial product and so avoid the inevitable 
delay and increased cost of a special lamp. 

As examples of uses to which incandescent lamp resistances 
have been put, other than the familiar laboratory use in lamp 
banks, etc., a brief description of some of the methods which 
have been utilized in the laboratory with which the writer is 
connected will be cited. 

Carbon lamps seasoned at about 109 per cent of their normal 
voltage for a period of 12 hours* are carefully rated for volts 
at various ampere values and are used in the factories for check¬ 
ing ammeters. By this method, with a calibrated voltmeter 
and a few lamps one can check portable voltmeters and ammeters 
in as satisfactory a manner as with both standard voltmeter 
and ammeter. 

Extensive use is made of a four- 
lamp bridge which is essentially the 
same as the old Howell indicator. 

In this bridge four lamps are arranged 
as shown in Fig. 4, in which A and D 
represent lamps having a different 
current-resistance relation from lamps 
B and C. For instance, A and D may be 
carbon lamps, and B and C metallized 
carbon lamps, the most sensitive 
combination which utilizes commer¬ 
cial lamps being with untreated 

carbon lamps for A and D and tungsten lamps for B and C. If, 
by means of the small adjustable resistance R , the galvanometer 
Gis brought to zero for any current through A BCD, then any 
change from that current will produce a deflection of the gal¬ 
vanometer. This arrangement is used to enable one to hold the 
voltage on a given circuit constant by putting the terminals 
a d across the line, bringing the line to the desired voltage by 
the use of a voltmeter and then adjusting the galvanometer to 
zero by means of R . With a proper bridge and an ordinary 
portable galvanometer, a small change, say 0,1 per cent, in the 
voltage of the line is made evident by a considerable deflection 

^Before being used as resistances for any purpose which requires 
careful resistance adjustment, all incandescent lamps should be seasoned 
by burning for a period sufficiently long to bring them to a constant 
resistance value. 



Fig. 4 
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of the galvanometer. By placing a bridge arrangement such 
as this in series with a line the line current can be held to a con¬ 
stant value in a similar way. 

A photographic recording alternating-current voltmeter of 
high sensibility which was developed by Mr. L. T. Robinson 
ut iliz es a four-lamp bridge similar to the one described, in connec¬ 
tion with a reflecting dynamometer. 

A temperature control device has also been made by using a 
small tungsten lamp as one arm of a bridge and placing it in 
the oven whose temperature was to be kept constant. The 
bridge is brought to a balance by adjustment of the other arms 
while the temperature is held constant at the correct value by 
means of a thermometer. After being set thus the oven can 
be readily held at the proper temperature by reference to the 
galvanometer. 
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Discussion on “ Electric ax Measurements with Special 
Reference to Lamp Testing ” (Edwards), and “ In¬ 
candescent Lamps as Resistances ” (Amrine), Boston, 
Mass., June 28, 1912. 

Clayton H. Sharp: Speaking of the paper by Mr. Edwards, 
the author gives a curve of corrections for the alternating-current 
voltmeter as used in checking the voltages on the life testing 
rack. He emphasizes the importance of that correction curve. 

I do not think he emphasizes it quite enough and I doubt if 
a laboratory standard voltmeter alone, even though carefully 
checked, is quite sufficient to. maintain the very high degree of 
accuracy which is called for in the measurement of life testing 
voltages. One-tenth of one per cent on the life testing, voltage 

will make several per cent difference 
in the life of the lamp, and may have 
very serious commercial results un¬ 
der certain circumstances; so that 
in all lamp testing, the most im¬ 
portant thing is the accurate de¬ 
termination and checking of these 
voltages. No single method is suffi¬ 
cient, but rather, various methods 
must be used and checked against 
each other. For instance, in our 
own laboratory, we use a multi¬ 
cellular electrostatic voltmeter 
with a mirror and scale, a method 
introduced by Dr. Kennelly some 
years ago. This is used as a trails-, 
fer instrument to check directly 
against the potentiometer, so that 
the chances of errors of the instru¬ 
ments themselves are as nearly as 
possible eliminated. Other instru- 
ments'are used in the same way. 

More recently we have been trying the method suggested by 
Mr. Amrine, namely the use of the old Howell indicator. See 
Fig. 1. 

The bridge which we have used is made up of tungsten and 
carbon lamps in opposite arms. At one diagonal of the bridge 
is placed a resistance of zero temperature coefficient. About 
this is looped a rheostat of high resistance with a rotating 
switch, making a very great many contacts. 

The bridge is placed on the circuit the voltage of which is. to 
be measured and in series with it is a fixed coil of a sensitive 
electrodynamometer. The moving coil, which is supported on 
a susp ens ion wire and carries a mirror, is placed across the 
bridge in the usual connection for the galvanometer, excepting 
that one connection from it is made to the rotating switch of 
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the rheostat. With this arrangement properly adjusted, the 
different positions of the rheostat arm correspond to different 
voltages on the bridge and the rheostat may be calibrated to 
read in volts. It is used as a transfer instrument, being cali¬ 
brated on direct current. On account of the slight lead which 
the current has in a tungsten lamp on alternating current due 
to the considerable changes of temperature of the filament, 
the bridge does not give correct results as a transfer instrument 
if the lamp filaments are too fine. It is necessary therefore 
to use lamps of fairly high .candle power in the construction 
of the bridge. The lamps must be of the same quality and 
character as are used for precise photometric standards; that 
is, all loose or variable contacts in the interior of the lamp must 
be eliminated and the lamps should be properly seasoned or 
aged before put into the bridge. 

It should be noted that an. arrangement of this kind is ex¬ 
tremely sensitive to differences in voltage. Differences of 0.0001 
of a volt in 100 volts, that is, differences of one part in 1,000,000. 
are shown by the deflection of the electrodynamometer. 

Referring again to Mr. Edwards’s paper, fie says that in CQnx- 
mercial testing the ordinary portable instruments are insuffi¬ 
cient. That is quite true,' and a ^larger type must be used. 
For more careful measurement it is better to use tw o 
potentiometers, one for measuring voltage and the other for 


measuring current. 

As to the indicating instrument on the switchboard tor xne 
life test voltage, another possible modification of that scheme 
is to give the man who regulates a single positive mark to go • y * 
so that he has not any chance to estimate or to do anything 
else. He merely holds his needle on that mark, which relieves 
him from a large amount of mental exertion. . 

A. E. Kennelly: This description which has been given us 
by Dr. Sharp is very interesting, in regard to that kma o 
voltmeter, and I quite agree with the opinion he expressed, tha 
no one particular instrument should be taken as the exclusive 
court of appeal in deciding the calibration of an alternatog- 
current voltmeter. Checks should be obtained in ah cases. 
We have found that the alternating-current potentmineter ot 
Dr. Drysdale is a very useful and convenient check, uh b 
means of tbe vibration galvanometer, gives a hi & h de^r ot 
sensibility, enabling a difference in voltage of one-twent,eth 

° f M TL££ “ He Edwards - few ,ues- 

rrix Hi 

scale; in the second way, they made on e ach tenth 

rigidly, and ^^tkey would be left to chance, and on 

J™t ; Jf1o™tMngt tS sefeup, they might faii more fre- 
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quentlv in one region than in another; so I should like to know 
how the settings were made from which these readings were taken. 

Secondly, I think the width of the space is a very important 
thin^ in a study of this kind, as it seems to me the tendency 
exhibited in these results would very largely depend on the ratio 
of the width of the pointer to the width of the space._ 

Paul MacGahan: I wish to point out an interesting applica¬ 
tion of the tungsten lamp used as a resistor. This is in connec¬ 
tion with contact-making voltmeters, such as are often used 
for potential regulators, or in relay type. graphic meters, in 
which the tungsten lamp is used as a resistance between the 
contact and the magnet or motor. The idea is to introduce a 
low resistance just when the contact is made, giving a good 
starting characteristic to the device, and improving the contact 
action. As soon as the contact is made, the lamp lights up and 
increases in resistance ten times, and thus greatly reduces the 
current and sparking when the contact is broken. . 

T. H. Amrine: In Mr. Edwards’s paper, he. mentions the use 
of graphic recording voltmeters on life testing lines. He is 
correct, of course, in his statement that the ordinary graphic 
voltmeter cannot be depended upon for anything more than to 
show verv large changes in the voltage and to show interruptions 
in the service. The photographic recording voltmeter which is 
mentioned in my paper is being developed for this service ana 
the indications are that it will serve the purpose well. It is 
sufficiently sensitive and has a sufficiently wide scale so that 
variations of one to two-tenths per cent in voltage are plainly 
indicated on the chart. 

A couple of records from this photographic recording volt¬ 
meter are presented herewith, which show what can be done by 
the ins trument. They also serve to show the sort of voltage 
regulation that can be obtained on alternating-current lines by 
means of the automatic voltage regulator under the best con¬ 
ditions. The original of chart No. 1 was taken with the volt¬ 
meter adjusted to give a scale of 1.8 in. (45.7 mm.) per volt. 
The original of chart No. 2 has a scale of 1.5 in. (38.1 mm.) per 
volt. 

Evan J. Edwards: Referring to Dr. Lloyd’s question as to 
the method used in obtaining the readings of Fig. 3, I would 
say that these figures were taken from old photometric data 
which were obtained with no thought that they might be used for 
the purpose of this investigation. Only such readings as were 
obtained in a straight estimation of tenths between smallest 
divisions, were selected; that is to say, only such groups of 
data as could be expected to show a nearly equal number of 
occurrences of each digit for a large number of readings were 

included. . . . 

The width between smallest divisions used m obtaining the 
curves of Fig. 4 was that of a standard portable voltmeter 
having 150 scale divisions. The ratio of width between di¬ 
visions to the width of pointer was probably about 10 . Dr. 




[amrine] 

_ i Chart No. 2 

Chart No. 1 

[Reproduced one-half size of original] 
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Lloyd is, of course, right in saying that the results depend on 
this ratio. They probably also depend on the actual length 
as well as the ratio. The curves were intended as illustrative 
in the analysis of the various errors involved in meter reading. 

Dr. Sharp has expressed the opinion that no single method 
of connecting alternating-current measurements with stand¬ 
ard cell values is sufficient. Dr. Kennelly states that he con¬ 
curs in that opinion. The author did not intend to give the 
impression that one single method or one single criterion \i as 
in use. It is true that only one method, the dynamometer 
method, is used as an everyday means of calibration. Bui 
before adopting this method, a careful companson was made 
with a hot-wire instrument. Having proved the results to 
be tlie same by two very different methods and knowing that 
the wave form must remain unchanged, it seems justi¬ 
fiable to adopt as an everyday method the more convenient 
and sensitive one. Making measurements by using manv 
instruments and many methods, of course, s t°^ ld ^ e added 
assurance in the result, always, but it is pos . , , TV. 

point where additional measurements are not worth vhat they 

C ° The modification of the special indicating voltmeter suggested 
bv Dr Kennedy was considered when designing the instrument. 
I? was decided to add the divisions in order to enable the oper- 
Sor toSfeiact readings on the even hour when the regular 

^£iyi^^LStsnfatnS^mol« 

re - 
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ELECTRICAL TRANSMISSION OF ELECTRICAL 
MEASUREMENTS 


BY O. J. BLISS 

The unique arrangement of standard ir^truments described in 
this paper was made for the purpose of transmitting and re¬ 
producing at a distance a direct electrical measurement the 
distance in point being 35 miles (56 km.), the measu^menUthe 
indicated kilowatts input to a 12,000-volt, 60-cycle, three.phase 
transmission line, and the medium of transmission a telephon 
line owned by the local telephone company but used as a private 

line by the central station companies. 

The conditions which led to the necessity for the arrangement 
were these: First, a contract for power to be furnished by a 
large central station company which we will call A , toa smaller 
central station company called B, over a 35-mile (56-km- * 
phase transmission line, the smaller company emg a 
of the larger and having substations of its own tapped off 
connecting line. Second, a form of contract requiting that bilh 
be done from the readings of a polyphase watt-hour meter: i - 
stalled in central station A, equipped_with a printing de 
adjusted to print automatically the dial readings on a P P 
ribbon at intervals of 15 minutes, the charges to inclu e a cer 
rate per kilowatt-hour for all energy delivered, a 
charge based on the average of the three highest one-half hour 
peaks occurring during the year and a guarantee of a certain load 

factor r 

. With a contract of this kind it is evidently very much to t e 

advantage of the customer to keep the load curve ree a 
peaks which would increase the kilowatt-year charge. . 

the customer can only regulate at his own station an m 
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in question the operators at B had no means of knowing what 
the input to the line was by central station company A , it be¬ 
came apparent that instruments must be installed in the stations 
of the smaller company which would indicate this input. Con¬ 
siderable advantage would also result if some permanent record 
could be obtained in order to check the watchfulness of switch¬ 
board operators, and as a comparison with the printed registra¬ 
tion of the polyphase watt-hour meter instation A . It was desir¬ 
able therefore to install a curve-drawing as well as an indicating 
instrument. 



EXCHANGE 

Map Showing Location of Telephone Stations. 


In developing a scheme permission was first obtained from the 
telephone company to use the private line for the transmission 
of signals between the stations, it being understood that any 
arrangement installed for that purpose should in no way interfere 
with the telephone service nor should an e.m.f. of over 50 volts 
be put on the line. 

Standard types of meters were then modified and installed as 
follows. On the switchboard of central station A was mounted 
a graphic recording wattmeter, with relay type of movement, 
connected through the regular equipment of current and potential 
transformers to the transmission line. Alongside the wattmeter 
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a small special variable rheostat was installed, the movable con¬ 
tact of which was connected, by a brass rod provided with an 
insulating joint, to the recording mechanism of the graphic meter 
so that the position of this contact at all times corresponded 
exactly to the deflection of the meter. 

If now a direct-current source is connected across the rheostat 
terminals, and one terminal and the movable contact connected 
to the telephone line, the e.m.f. across the line has a fixed relation 
to the deflection of the graphic meter, or the input to the trans¬ 
mission line, and the reading of a direct-current instrument 
connected in the telephone line may therefore be made to indicate 
this input. 



CENTRAL STATION B 



CONDENSERS 


Diagram of Connections for Transmission of Electrical Measure¬ 
ments over Telephone Line. 


The rheostat as made up has uniform resistance per unit of 
length and does not therefore give uniform increments of e.m.f. 
for equal distances of travel of the movable contact. By making 
the current through the resistance large as compared to the 
instrument current the error is, however, negligible,^ and the 
e.m.f. is considered directly proportional to the deflection of t e 


graphic meter. , .. , 

The source of direct current is a 36-volt storage battery of 
small capacity located near the switchboard The continuous 
discharge rate through the rheostat is about 150 milhamperes. 
The direct-current instruments, one an indicating er * n " 

stalled in the steam plant of central station company B, the other 

a curve-drawing voltmeter with smoke chart recorder installed 


» 
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the waterpower plant of central station company B, are in 
series, are adjusted to the same Ml scale current, about 7 milli- 
axnperes, have scales marked in kilowatts and have series re¬ 
sistances adjusted to give full scale deflection corresponding to 
the graphic meter in central station A . 

One-half of this resistance is in one of the meters in central 
station B, and one-half is mounted on the rheostat in central 
station A . This is necessary because the signaling system forms 
at both ends of the telephone line a shunt across the line, which 
must be of at least 1000 ohms resistance in order not to interfere 
with the telephone service. 

Interference with the telephone by the direct current of the 
transmitting system- is prevented by the installation of con¬ 
densers in the line at each telephone station, and interference 
with the meters by the telephone ringing current is prevented by 
the installation of reactance coils in the instrument leads. 

The operation of this system has been so satisfactory, is so 
simple in its various parts, and has given such a small amount 
of trouble,.that it leads one to believe the scheme practicable 
for many other applications. For instance, any two stations, 
whether belonging to the same company or not, if feeding into 
the same load, might use a system of this kind to advantage. 
A central office could have a continuous record of total output 
or that of any more important line or machine. Regulation of 
machines for synchronizing operations where the switch to be 
closed is in a station remote from that in which generators are 
located, as is sometimes the case in interconnected systems, 
could be easily arranged, or the more important positions on the 
load dispatcher’s board might be made automatic, showing switch¬ 
ing operations without waiting for the telephone call and the 
subsequent plugging or marking of the board. 

In short, the installation here described seems to show that 
any points connected by telephone lines may be equipped for the 
transmission of measurements or direct-current signals at a low 
cost, without interference with the telephone system. 
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METERING LARGE DIRECT-CURRENT 
INSTALLATIONS 


BY T. V. MAGALHAES 

The question of properly metering electrical energy when it 
is used in the form of high values of direct current is one that 
can, profitably be discussed at this meeting. The following 
brief paper is intended as a summary, for the purpose of dis¬ 
cussion, of various methods now being used, with suggestions 
for the development of apparatus that would eliminate certain 
disadvantages and errors now encountered. 

We will consider the methods of metering currents of 1000 
to 10,000 amperes at 100 to 600 volts. These limits are arbitrary 
but they cover a great many conditions which are comparable 
in metering both the energy for light and power from central 
stations and the energy from electric railway substations. 

Below is given a list of four headings which will in turn be 
dealt with in detail. 

Method 1. Install a single watt-hour meter between the source 
of supply and the distributing switchboard. 

Method 2. Install in parallel in the main source of supply 
several watt-hour meters with an aggregate capacity sufficient 
for the total load. 

Method 3. Divide the main service supply and meter sep¬ 
arately any natural component parts of the total load. 

Method 4. The development and the use of the shunt yp 
of watt-hour meter both for the metering itself and or^ es 
purposes in connection with any of the three foregoing me 

Method 1 

The practise of installing only a single watt-hour meter is the 
easiest, best appearing and cheapest from the s an p 
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switchboard design, and the cheapest from the standpoint of 
initial meter cost. The method, however, has the least to recom¬ 
mend it from the standpoint of meter accuracy, and is the 
most difficult and expensive to maintain after installation. 

The advantages that may be claimed for this method are the 
registration on one set of dials of the total energy for the instal¬ 
lation; also, as indicated above, the low initial meter cost as 
compared with other methods. This latter condition, however, 
is open to argument if careful consideration is given to the fact 
that a system of using several small meters permits more flexi¬ 
bility from the standpoint of exact assignment, as the rated 
ampere capacities of large meters are, from the manufacturing- 
standpoint, necessarily arbitrary and in large steps. 

The disadvantages that may be listed are: the possibility of 
complete interruption of registration or inaccurate registration 
due to a defect or to poor performance of the meter, such in¬ 
terruption or inaccuracy of registration, applying over the energy 
for the total installation; extreme difficulty of proper testing, 
involving the insertion of instruments in the main circuit, the 
possible shunting of the customer’s load and handling of an 
artificial load; the expense of owning and calibrating standards 
of very high current capacity; and the loss of registration due 
to the shunted load during the time of test. 


Method 2 

The practise of installing several meters in parallel, while 
increasing somewhat the initial meter cost and possibly the 
switchboard cost, tends to eliminate or improve several of the 
disadvantages of Method 1. 

In case of defect or inaccuracy in a meter only part of the 
total registration is affected. 

Testing is greatly simplified over Method 1, as the meters 
may in turn be disconnected on the house side for test and the 
remaining meters allowed to carry the load. The test connec- 
taons artificial load and capacity of the standard instruments 
win ah be of smaller ampere capacity than in Method 1, with a 
coiresponding decrease in initial cost, and cost of maintenance. 

f SUbject t0 one disadvantage in common with 
Method 1, namely, the poor performance of the aggregate meters 

very ight loads. A light load may exist for several hours 
vdiich would be of considerable significance from the stand- 

it would u Mch might be inaccura tely metered, as 

o y a small percentage of the total meter capacity. 
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One disadvantage peculiar to this method is that the separate 
meters, due to differences in the resistance of the connections, 
may not register their proportionate part of the total energy! 
Such difference in registration, even when the meters are en- 
tirely accurate, can give rise to unnecessary question or 
criticism of meter accuracy. 

Method 3 

The practise of installing individual meters for the natural 
component parts of an installation, such as separate floors in 
a building, separate buildings in a group, separate motors in 
a large power installation or separate synchronous converters 
in a substation, is, if the meter sizes are carefully assigned and 
the meters properly maintained, the best method for most 
conditions. 

This method is open to the same objections that may be 
advanced against Method 2 as to the increased installation and 
meter cost. 

Method 3 has a distinct advantage over the first two methods 
in that the assignment of each meter may be made very closely 
by considering the performance of its particular installation. 
The aggregate light load and overload performance of the in¬ 
dividual meters will then be better than the performance of a 
single large meter or group of parallel meters on the total load. 

The development of a mechanical or electrical totalizing dial 
of some description would, in connection with Methods 2 and 3, 
provide a single totalized record of registration of the various 
meters. Such a record might be desirable or even essential in 
the case of a synchronous converter substation, with the individ¬ 
ual converter meters installed near the converters and a total¬ 
izing dial located on the switchboard. 

Method 4 

Method 4 is a proposed practise based on the development 
of an accurate shunt type of watt-hour meter. 

Assuming the availability of such a shunt type of watt-hour 
meter for service purposes and a carefully designed shunt type 
of portable watt-hour meter for test purposes, the metering of 
large direct-current installations would at once present other 
possibilities. It would be possible to meter a large power in¬ 
stallation, consisting of a few units, with a single meter. This 
meter could at frequent intervals be compared quickly and ac¬ 
curately with the rotating standard. The service meter and 
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the standard being of similar types and characteristics would 
permit the use, for test purposes, of the regular service load, 
even if of a very fluctuating character. 

One marked advantage of the shunt type of meter in the large 
capacities would be its flexibility from the stock standpoint. 
The meters themselves could be all of five or ten amperes capacity 
and the range for the large capacities maintained by a stock of 
shunts. This feature is comparable with the flexibility which is 
possible with the standard five-ampere induction meter in 
connection with any ratio of current transformer. 

For an installation of small power units or a large lighting 
installation, Method 3, namely, metering separate parts of the 
installation, would still be desirable even with the availability 
of the shunt type of meter. Such a type of meter would, how¬ 
ever, increase the ease of testing and thus indirectly increase 
the accuracy of registration. 

In conclusion it can be stated that the requirement of a brief 
paper has necessarily resulted in the discussion of only one 
narrow phase of the general subject of metering. The possi¬ 
bilities of the shunt type of meter have by no means been com¬ 
pletely covered. No mention has been made of the proper 
assignment of the present type of astatic and four-pole meters 
for different installations and switchboard designs. Nor has 
the subject of proper instruments and artificial loads for test 
purposes been dealt with, although all of these points are related 
and essential to the proper metering of large direct-current 
installations. 
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MEASUREMENT 


OF KNKRtlY WITH 
TRANSFORM ERS 


INSTRUMENT 


BV AI.KXAXMKIt MAXWi-.I.I, 

A g <»m 1 deal hart been written concerning the determination 
„t the ratio and phase angle of instrument transformers, and 
several mei.hodrt are now available which are of g«>od accuracy. 
Also, there is considerable mutter available legatditig the dwign 
of rtv'ieh transformer:., with reference to the production of sat¬ 
isfactory ratio and phase angle eharaeieristics, Comparatively 
little has appeared, however, concerning the effect of ratio and 
phase angle upon the accuracy u! watt-hotu meteis. 

'Pile effects of ratio and phase angle upon the indications of 
switchboard instruments can generally he provided for without 
much difficulty, and where these effects become important in 
connection with special measurements made with portable 
instruments, such as precise measurements over a wide range 
of currents or voltages, or at low power factors, correction may 
readily be made for them, the only requirements being a 
knowledge of the ratio and phase angle characteristics of the par¬ 
ticular transformers used, and some rather tedious calculations. 

With watt-hour meters, however, the problem is more diffi¬ 
cult. It is not possible to adjust such meters to compensate 
automatically for changes in ratio and phase angle lor different 
loads and different power factors within the range of the meter. 
Legal and commercial considerations require that such meters 
be maintained within certain specified limits of accuracy. It 
is the purpose of this paper to consider, briefly, some aspects 
of the problem presented by the use of instrument, trans- 
formers in coniwctiou with wait-hour meters. 

i 
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Potential Transformers 

Deviations from stated ratio and ideal phase relation are small 
in potential transformers, as compared with current trans¬ 
formers. Furthermore, in a large majority of cases, potential 
transformers are used in connection with constant potential 
svstems, and at constant secondary load, and therefore the de¬ 
termined values of ratio and phase angle for that particular 
load remain unchanged. Ratio may be taken into account 
once for all in the calibration of the meter. Phase angle may 
not "be compensated, except for a particular value of load power 
factor, as shown later, but in most cases the error due to this 
deviation from the ideal phase relation will be negligibly small. 

Current Transformers 

Generally speaking, modem current transformers of the best 
design, under favorable conditions of use, show quite satisfac- 
torv ratio curves for secondary currents down to 10 per cent 
of rated current. Similarly, the angle by which the secondary 
current differs from the ideal 180-deg. relation with the primary 
current is small over a quite wide range, but may still introduce 
serious errors at low loads. 

Current transformers of special design, such as those intended 
for portable use, or in other cases where special efforts are made 
to reduce the weight of the transformer, generally have ratio 
and phase angle characteristics which render them quite un¬ 
suitable for use in connection with watt-hour meters. 

Ratio. Where current transformer ratios have the same 
value from full secondary load to a small secondary load such 
as o or 10 per cent, the meter accuracy is not affected, since 
this ratio, whatever its value, is accounted for in the calibrating 
constant of the meter. 

Where the ratio curve bends upward at low loads, or in the 
occasional cases where it bends downward, as shown in Fig. 1, 
the meter accuracy is affected if some compensation is not 
provided. 

It is possible to compensate within somewhat narrow limits 
for this variation in ratio, by utilizing the light load adjustment 
of the meter; that is, for the commonest case (ratio increasing 
with decreasing current) causing the meter to run slightly fast 
at light load, to compensate for the increase in ratio, which tends 
to make the meter under-record. 

The obvious objection to this procedure is that it may cause 
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the meter to creep. A number of experiments made on many 
different types of induction watt-hour meters indicated that 
such over-compensation might be carried out without any tend¬ 
ency toward creeping, up to amounts corresponding to 101 to 
103 per cent of 11 normal ” speed, and at 5 per cent load. Some 
results of such tests are shown in Fig. 2. It is true that these 
tests refer to rated voltages and frequency, but since the per¬ 
missible range of compensation seems to be considerably greater 
than that required to correct for transformer ratio errors such 
as those shown in Figs. 2 and 3, it is possible that this method 
of compensation may be applied without disturbing the stability 
of the meter with respect to creeping. In cases where the trans¬ 
former ratio curve bends downward at low load, it is of course 
very easy to adjust the meter to accommodate the ratio. 



Fig. 1—Ratio Curves of Cur¬ 
rent Transformers, all with 
Minimum Secondary Load. 



Fig. 2—Effect of Loading 
Current Transformer. 

A —Watt-hour meter series coil only. 

B—A plus ammeter and relay coil (about 
60 per cent of rated volt-amperes.) 


Another limitation of this method lies in the fact that trans¬ 
former ratio curves are not always of the same form as the ac¬ 
curacy curve of the meter, and in this case, of course, complete 
compensation cannot be obtained. However, the most satis¬ 
factory current transformers have, when lightly loaded, ratio 
curves of the form shown by curve A in Fig. 3. The form of 
this curve reasonably approximates the form of the meter 
curves shown in Fig. 2. Curve B in Fig. 3, which is fairly 
typical of the change produced by loading the transformer, is 
of a form unsuitable for compensation. This indicates the 
desirability of restricting the load upon the secondary of the 
current transformer to a minimum, preferably the meter series 
coil and short leads only. 

Phase Angle. Phase angle cannot be compensated by any 
means which will operate automatically. Since the meter 
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torque depends upon E I cos (0 + <t>) where <f> is the transformer 
phase angle, the error will vary with the line power-tart or, and 
since the transformer phase angle will vary with the current 
the error will also vary with the line runout. 

A few curves showing typical phase angle characteristics 
of modern current transformers of various types are given 
in Fig 4- Fig. 5 shows the errors of measurement produced 
for various values of transformer phase angle, for different 
line power factors. These curves are computed for the con¬ 
dition where the secondary current leads the primary current 

m From^igs. 4 and 5 it will be seen that ft >r ordinary < •< umm-rml 
range of line power factors, the errors produced by t tanstoi iner 



RATED VOLTAGE AND FREQUENCY 
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Fig. 3— W att-hgu r M etk k 
Over-Compensated by Means 
of Light Load Adjustment. 


Fit*, i Phase A sbi.i , Cur- 

ben r Tli \ NSl* HRM I'.U H, A LI, Will I 
Minimum Secondary Load, 


phase angle arc comparatively .small with fra nsformers of good 
design. Where great accuracy is require* 1, or where !« *ads having 
low power factor are to be measured, errors due f<* this eawn 
become troublesome. Apparently the remedy lor this (Itesides 
selecting transformers having minimum phase auglrf is to load 
the transformer as little as possible. Reactance mav be added 
in the secondary ciicuit, to correct for phase angle, Uui onlv at 
the expense of the ratio. The writer’s experience haw been that 
with several different types, the ratio errors haw increased 
faster than the phase angle errors diminished, and the former 
finally became unmanageable. On the whole, if scents best 
to reduce phase angle as much as possible, by reducing the load 
upon the transformer. 

A common difficulty, which constitutes another reason for 
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supplying watt-hour meters from separate transformers, lies 
in the practise of ussiyniny over-size transformers for relay 
work This over-size assignment is desirable, or necessary, 
for the relay, since the only fuuelion of ihe latter is to operate 
•d overload’s generally much greater than the normal load of 
the. circuit, anil it. is important Hurt the actual secondary current 
in the relay windings shall not. attain excessive values. The 
result, however, where a meter is in series with the relay, is 
that the meter may actually 1«> assigned at from one-half to 
two-thirds of its rated current and load; at very low loads 
on the circuit, corresponding to 5 or 10 per cent of rated 



Flu. 5 Kkkuk Punnet im nv Tkasskukmkk Phask Anoi-k.^ hi* 

V A Kit) US 1,1 SB I’oWBK !•**• 1t*#S, PlM.II I'UAHlt OK l»«MAMIASfc WATT- 

non k Mktkks. 

circuit full load, the motor may actually ho oprruling at 2 hi 
7 per (Hint of its rating, with all the attomlani exaggeration oi 
ratio, phase angle and motor errors, 

A <4tuition of design arise?, in eonneerion with transformers 
for use in power supply systems oi groat magnitude. Hero 
it has been found that transformers of small primary capacity 
are unable to withstand the enormous meehanleal forces |pro¬ 
duced on short circuit, and under these conditions they have 
been destroyed. This condition has (Hilled for the* development 
of special types of transformers, and in these the necessity for 
preserving the desirable ratio and phase angle characteristics 
of normal designs results in a great increase in weight. 
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In conclusion, it may be said that the best commercial types 
of current and potential transformers she>\v cllaracteri,sties 
which make them satisfactory for service? in connection with 
watt-hour meters, under ordinary conditions of use. It appears 
further that some sources of error may be at least partially com¬ 
pensated, and that the more serious errors may be lartrelv 
avoided by loading transformers only with the meter which they 
supply. It is also true that very serious errors may be pro¬ 
duced by the use of transformers having poor ratio and phase 
angle characteristics, and that such transformers should there¬ 
fore not be used for energy measurements, however satisfactory 
they may be for less exacting service, such as the operation of 
trip coils or relays 
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WHEATSTONE BRIDGE-- ROTATING STANDARD 
METHOD OF TESTING LARGE CAPACITY 
WATT-HOUR METERS 


BY C. H. INGALLS AND J. W. COWLES 


There are two -general classes of large capacity watt-hour 
meters, alternating-current and direct-current. The meters 
used for alternating current are almost invariably of the induc¬ 
tion type, generally five-ampere meters used in conjunction with 
current transformers, or both current and potential trans¬ 
formers. A facile and accurate method of testing these meters 
is by means of an induction type of rotating standard which by 
means of standard instrument transformers may be made 
available for testing any alternating-current meter of any ca¬ 
pacity, with a precision well within commercial limits. 

Where large capacity direct-current meters are to be tested, 
however, the problem is somewhat more difficult. The method 
usually chosen is the indicating instrument-stop-watch method, 
by which method the energy delivered to the meter under test 
is measured by indicating instruments (voltmeter, millivolt- 
meter and shunt) and the speed of the meter determined by a 
stop-watch. Where the load is constant, this method is satis¬ 
factory, but for power circuits similar to street railways, where 
there are rapid fluctuations of considerable magnitude, this 
method is not desirable. 

The rotating standards have many advantages when used on 
loads of this character, but unfortunately they are not made 
commercially of a capacity exceeding 150 amperes and, unlike 
millivoltmeters, it is not advisable to use them directly with 
shunts, with the possible exception of the mercury flotation type 
of standard. 
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is a con- 


In order'to adapt the rotating standard to the testing of meters 
of 1000 or 2000 amperes capacity a differential galvanometer 
was devised bv Prof. F. A. Laws, of the Massachusetts Institute 
of Technology, which was so arranged that a standard of 
moderate capacity could be used. It consisted essentially of 
two current coils wound in opposition, having between them a 
pivoted coil of fine wire. The apparatus and connections are 
shown diagrammaticallv in Fig. 1. The coil a is of few turns 
(actually a straight copper bar) but of sufficient capacity to 
carrv the full line current. Coil b has the same current capacity 
as the rotating standard and with such a number of turns that 
by adjusting the resistance d the effect of the current in b will 
counterbalance the effect of the current in a on the coil c. 

With this condition of balance, 
which is indicated by the pointer 
e, the ratio of the two currents 
la. , la - j- lb 

~W’ also lb 

stant, and the rotating standard 
will measure a definite per¬ 
centage of the total energy 
delivered to the meter under 
test. This ratio and percentage 
are determined in the laboratory 
by actual measurements. The 
differential galvanometer as de¬ 
scribed above is subject to 
the influence of external fields, 
and a modification of this method was devised by the writer, 
based on the general principle of a Wheatstone bridge. The 
arrangement of the resistances and the rotating standard is shown 
diagrammatically in Fig. 2, where a, b, and c are fixed resistances 
forming three arms of the bridge, the rotating standard and the 
adjustable resistances d and e forming the fourth arm. When 
the potential differences between the terminals of the two resist¬ 
ances a and b are the same (and since they have one terminal 
in common, this is indicated by the galvanometer reading zero), 
the current in a is to the current in b as the resistance of b is to 
the resistance of a, or 



Fig. 1 


_ Kb_ la + lb Ra + Rb 
lb Ra ° r lb ~ Rb 
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Ra and Rb are constant, therefore ' - ^ is a constant as 

long as the galvanometer indicates a zero reading. Ia + lb 
is the current measured by the meter under test and lb is the 
current measured by the rotating standard, therefore the rota¬ 
ting standard measures a certain definite percentage of the cur¬ 
rent supplied to the service meter. This percentage may be 
computed from known values of Ra and Rb or preferably by 
actually measuring the values of I a and lb. The condition of 
balance between a and b is obtained by adjusting the resistances 
d and e , d being a strip of resistance metal used for coarse adjust¬ 
ments and e a carbon compression rheostat used for the fine 
adjustment. The three resistances a, b, and c are preferably made 



of manganin in the same form as instrument shunts, as manganin 
has a negligible temperature coefficient and low thermal effect. 
a and c should be of a current capacity sufficient to carry the 
full line current and b approximately 40 to 50 amperes. The 
full load drop in potential is 100 millivolts each for a and b and 400 
millivolts for c' Any change in the resistance of the rotating 
standard due to the temperature coefficient of the copper current 
windings or change in the contact resistance is readily compen¬ 
sated for by the rheostat e, but in practise it is found that after 
the preliminary adjustment very little further change is required. 
It is quite necessary for accurate work, however, to use materials 
that have very small thermoelectric effect upon each other, as 
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in the first apparatus made up for trial more trouble was expe¬ 
rienced from this source than any other. By using manganin 
for the resistances no difficulty from this source will be expe¬ 
rienced. 



Fig. 4 


LOAD 


Fig. 5 

Fig. 3 shows the arrangement of the resistances for testing 
both 1000-ampere and 2000-ampere meters, Fig. 4 the con¬ 
nections for testing 1000-ampere meters and • Fig. 5 the con¬ 
nections for 2000-ampere meters. Fig. 6 is a reproduction of a 
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photograph of the entire equipment, except the chest used for 
transporting the resistances and cables. This chest is approxi¬ 
mately 32 by 19 by 14 inches (81 by 48 by 35 cm.). 

In using the direct-current rotating standard care should be 
exercised to guard against the influence of external fields, and 
since this apparatus is designed for use in places where large 
currents are involved, precaution should be taken either to 
take two series of readings, one series to be with both the current 
and potential leads of the rotating standard reversed, or to 
change bodily the position of the standard 180 deg. and take a 
series of readings in both azimuths. In either case the average 
of the two series should be used. 

Following are the results of tests on various 550-volt meters 
supplying street railways. In some instances the current varied 
from zero to the full capacity of the service meter during the 
test. 


TEST NO. 1—2000-AMPERE, 550-VOLT TWO-WIRE METER 


Position of 
standard 

| 

Revs, of 
standard ! 

Average 

| Correct j 

; revolutions 

! .1 

Per cent of accuracy 
of service meter 

A 

0 deg. 

23.42 






23.52 






23.29 






23.46 

23.42 

24. IS 

103.2 

B 

90 deg. 

23.41 






23.37 






23.51 


T " 




23.52 

| 23.45 

24.18 

103.1 

C 

ISO deg. 

24.20 






24.11 






23.96 






24.02 

1 24.07 

24. IS 

99.5 

D 

270 deg. 

24.17 






24.39 






24.17 






24.13 

j 24.22 

i 24.18 

99.8 


Average A and C-. . 

Average B and D. 

Average A, B, C and D 


101.35 

101.45 

101.4 
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TEST NO. 2 —600-AMPERE, 550-VOLT TWO-WIRE METER 
Very Fluctuating Load on this Meter. 


Position of 
standard 

Revs, of 
standard 

Average 

Correct 

revolutions 

Per cent of accuracy 
of service meter 

A 0 deg. 

10.81 





10.92 





10.96 





10.79 

10. S7 

11.48 

105.6 

B 90 deg. 

11.45 





11.39 





11.47 





| 11.39 

11.42 

11.48 

100.6 

C ISO deg. 

| 11.79 





11.69 





11.84 





! 11.76 

11.77 

11.48 

97.6 

D 270 deg. 

| 11.31 





11.23 





| 11.20 





11.29 

11.26 

11.48 

102.0 


Average of A and C. 101.60 

« « B and D.. 101.30 

“ 8 A, B, C and D... 101.45 


Average of A and C. 101.60 

« « B and D.. 101.30 

“ 8 A, B, C and D.\. 101.45 


TEST NO. 3—2000-AMPERE, 550-VOLT TWO-WIRE METER 


Position of 
standard 

Revs, of 
standard 

Average 

Correct 

revolutions 

| 

Per cent of accuracy 
of service meter j 

0 deg. 

19.52 





19.25 





19.29 





19.59 

19.41 

19.36 

99.8 

90 deg. 

19.46 





19.52 





19.64 





19.75 

19.59 

19.36 

98.8 

ISO deg. 

20.13 



) 


j 19.94 



1 


| 19.76 





| 20.04 

| 

19.97 

19.36 

97.0 

270 deg. 

I 19.71 





19.44 





19.62 





19.50 

19.57 

19.36 

99.0 


Average of A and C. 98.4 

“ a B and D. 98.9 

• * A, B, C, and D... 98.65 
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HST NO. 4—1200-AMl'HKIC, WO-VuI.T TWO-WIRE METER 


Position of 
standard 


Revs, of 
standard 


Curm.'t Per cent of accuracy 
revolutions of service meter 


Hal 

11. ua 
f tired 

! H int 


Average of A and C. . » 

" " B and r>. 

* “ A, B, r, and I). ... 
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Discussion on “ Electrical Transmission of Electrical 
Measurements” (Bliss), 

“ Metering Large Direct-Current Installations ” 
(Magaliiaes), 

“ Measurement of Energy with Instrument Trans¬ 
formers ” (Maxwell), 

“ Wheatstone Bridge.-Rotating Standard Method of 

Testing Large Capacity Watt-IIour Meters ” (Ingalls 
and Cowles), Boston. Mass., June 28, 1912. 

William J. Mowbray: It is somewhat presumptuous for me to 
congratulate Mr. Ingalls on this paper, but 1 will presume to 
do so, because I think that I can claim being the originator in 
the United States of the rotative watt-hour lest meter. 
Seven years ago, in 1905, the chairman of this meeting, Mr. 
Robinson, presented a paper entitled The Oscillograph and 
Its Use at a meeting of the Institute .held in New York 
City, and at that same meeting I had the honor of present¬ 
ing a paper which disclosed for the first time the method of 
testing watt-hour meters with a rotative watt-hour test meter 
having several current and potential windings. The paper was 
entitled Maintenance of Meters, and brought in the rotative 
test meter. At that time this method of testing service meters 
was not generally used, at all, having just been started in Brooklyn 
and New York. Boston was then using a standard resistance’, a 
voltmeter and a stop watch. But I see that Boston has now fallen 
into line, and is not only using the rotative watt-hour test, meter, 
but has added to the method of using it a, degree of refinement 
that is characteristic of Boston. I congratulate* Mr, Ingalls on 
this method, which is very clever and just the tiling for testing 
large meters on fluctuating loads. 

F. P. Cox: I have been familiar for some little time with the 
work that Mr. Ingalls has been doing with this method of testing. 
I do not feel I could pass the paper without saying it is a good 
and useful method. 

Referring to Mr. Magalhaes’s paper, and method 3, it seems to 
me the object of meters is to get a record of the energy used, 
and if this is the most accurate, as it certainly is, it is worth the 
money the extra meters cost. 

As to getting a totalizing dial, this is quite a problem. I have 
done a little work on it in the past, by magnetic contact from 
different meters, to record the sum of the impulses, but the 
trouble in that case is that sometimes many impulses come in at 
once from the different meters and they must all be recorded. 
To do that, you find it necessary to record on the totaling dial 
one impulse, and then the others will have, to wait and stand 
there until they get a turn to record; it can be done and has 
been done, but the device is rather expensive and rather com¬ 
plicated, and if you should add this to the already large expense 
of the separate meters, I am afraid the man who is paying the 
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bills would object. But the separate meters and adapting the 
meter to the circuit, is the right way to do it, and if the job is 
worth doing at all, it is worth doing right. 

In regard to the shunt meter, that has possibilities; it also 
has its troubles. I do not know how Mr. Magalhaes proposes 
to connect these things so as to do away with the troubles of 
the division, because if you are using the shunt meter as the 
total carrying meter, you still have the problem of one large 
meter against several small meters, and you have additional 
things to look after in regard to contacts. When you are shunting 
five or ten amperes, you have the larger losses in the higher 
capacity meters, because you would have the drop which would 
come from the low capacity. If these temperature effects and 
loads come in, while you would get a system which would be 
more flexible, I doubt very much if it would add to the accuracy 
of the meter. It has not been overlooked or forgotten, but it has 
troubles. We cannot say they never will be worked out, but I 
have not yet seen anything that is entirely satisfactory. 

J. R. Craighead: First, with reference to Electrical Trans¬ 
mission of Electrical Measurements. There has been a con¬ 
stantly increasing call for various kinds of measurements which 
are to be recorded at a considerable distance from the place 
where the actual measurement is made, and it seems to me this 
paper shows a method of doing this in a very satisfactory way 
with a certain class of instruments. However, there is an 
alternative way of doing the same thing, namely, getting the 
measurement at the point where you want to have it, which 
consists in designing a special type of current transformer, in 
which the secondary current shall be reduced, for instance, to 
0. 5 ampere, instead of 5 amperes. It is perfectly practicable to 
make a current transformer with 0.5-ampere secondary of 
practically the same qualities as the 5-ampere secondary. 

It is also perfectly practicable to make an instrument employ¬ 
ing most of the standard types, of 0. 5-ampere capacity, instead 
of 5 amperes capacity. The load of this instrument on the cur¬ 
rent transformer is about the same fraction of the capacity of 
the transformer in one case as in the other. This leaves the same 
difference, which may be used up in the line drop. If we take an 
ordinary current transformer, of 5 amperes capacity, we are 
limited by considerations of load to a small line drop, so that 
the practicable distance with the usual size of wire is only a 
few hundred feet if satisfactory accuracy is to be secured. 
By cutting the secondary down to 0.5 ampere, we multiply the 
length of the line using the same wire, and consequently the 
distance to which we can transmit over that wire, by 100, in 
some cases running to 10, 15, 20, or even 40 miles, the size of 
wire necessarily increasing with the length of the transmission. 

There is one difficulty in connection with this method of 
building current transformers which ought to be considered, and 
that is, that the secondary has naturally a very much larger 
number of turns than the standard current transformers, and 
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in consequence, if the secondary is accidentally open-circuited, 
the voltage on the secondary will be ten times larger than on the 
corresponding 5-ampere secondary. This implies rather special 
care in insulating the secondary to avoid damage. 

As far as the potential transformers are concerned, for ordinary 
purposes, the line drop may be considered as part of the resistance 
of the instrument, and the ordinary potential transformer will 
therefore answer in many cases. For extreme cases, a higher 
voltage secondary may be used. 

In regard to the paper on' Measurement, of Energy with 
Instrument Transformers , I want to say one or two things. 
One thing, particularly, is in regard to the use of the light-load 
adjustment for compensation. That has been argued a number 
of times, and I do not think we can say very much that is new. 
If we are going to cut down the safety against creeping by 
calibrating the meter to run fast on low load, we are going to 
increase the percentage of meters which actually do creep. It 
does not mean that the meter will necessarily creep because that 
is done to it, but simply means that out of a large number that 
are so calibrated, the number of meters that would creep is 
increased, and the result is that this method should not be used 
where a large number of meters are to be without examination 
for long periods. If the meter can be inspected frequently, as is 
usually the case where high accuracy is desirable, then this 
method of correction may sometimes be used with good results. 

F. V. Magalhaes: I wish to emphasize the value of the 
apparatus Mr. Ingalls has developed. It is a combination of 
instruments and apparatus which are commonly used and 
owned by most of the large operating companies. He obtains 
an instrument which will properly cheek the watt-hour meters 
on fluctuating service loads. Stating the point in another way, 
he has produced an instrument by using apparatus which is at 
present developed and in use, and does not involve the design 
or development of new instruments. It is merely a combination 
of existing apparatus. 

In connection with Mr. Maxwell's paper, the errors in perform¬ 
ance of meters used with well-designed current transformers 
are small. It must be borne in mind also in analyzing these 
errors with a view to reducing them that with the present knowl¬ 
edge of current transformer design and performance any appreci¬ 
able reduction in these errors is obtained only at a practically 
prohibitive increase in the physical dimensions of the trans¬ 
formers. 

W. H. Pratt: Mr. Magalhaes’s paper brings out a point which 
I wish to emphasize, and that is, in using current transformers 
for meters, the best current transformers should be selected. 
Meters ordinarily are expected to work over a very long range, 
in fact, I think that the meter has to take care of a longer range 
of observation, you might say, than almost any other piece of 
apparatus which is used in ordinary work. There is a vast dif- 
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ference between the good qualities of the current transformers 
that are available on the market, and by selecting those that have 
the best characteristics you have almost no trouble. Slight 
errors in ratio can be taken care of in the calibration of the meter, 
and likewise the phase angle can be taken care of by an adjust¬ 
ment of the lag angle of the meter, if limiting accuracy is required. 

In Mr. Craighead’s discussion, I think he undoubtedly has 
in mind current transformers which have also come under my 
own observation, which depart so far from ideal accuracy that 
correction would be unsafe. 

L. T. Robinson: I may interpolate a comment here that 
will perhaps straighten out things. The papers of Mr. Maxwell 
and Mr. Magalhaes and the comments of Mr. Craighead and 
Mr. Pratt, are largely considerations of special cases that have 
come up. You must not read into the papers that all these 
things apply to all the work which we have to do ordinarily. 
If you give close attention to what the author says all the way 
through, it has been plainly brought out that for ordinary 
service and in general the present conditions are fairly satis¬ 
factory. 

T. W. Varley: Mr. Ingalls pointed out in the sketch the 
bridge method of keeping track of the variation of temperature 
in the meter tested. He says that the drop in each zone is practi¬ 
cally 400 millivolts. I would like him to explain how he adjusts 
these loads. 

C. H. Ingalls: The resistances may be measured by a bridge, 
and from the ratio of the two resistances, the ratio of the current 
with a balance on the voltmeter, can be readily determined. 
It is preferable, however, to use two ammeters and then, by 
adjusting the resistances, get the galvanometer to read zero, 
and then take the ratio of these currents. Repeated tests have 
shown that the ratio remains very constant. There is another 
method. If the two shunts are not electrically connected in a 
very permanent manner, of course the instrument will get out of 
calibration. In order to get around that difficulty, if you want to 
use two ordinary shunts, that are not specially made for the 
purpose, by using a differential millivoltmeter you can obtain 
the zero reading. 

T. W. Varley: Would it not be better to use a double bridge? 

C. H. Ingalls: A differential voltmeter that is suitable for 
that purpose is on the market, I believe. 

T. W. Varley: Would it not be better to use a Thomson 
double bridge? That is an easy way of using it. 

C. H. Ingalls: Yes, but this method was. also devised by 
Prof. Laws in his laboratory, but never used outside commercially. 

Albert Ganz: If you have the two ammeters, why do you 
need to know the resistances of the shunt? 

C. H. Ingalls: You do not, in that case. Three ammeters 
may be used for measuring resistances, or you can use two 
ammeters. 
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Alexander Maxwell: I think that reference to my paper will 
take care of most of the comments made upon it. It is there 
stated that for all ordinary cases, commercial transformers are 
quite satisfactory. Further than this, almost all other cases can 
be solved by lightly loading the transformers. The difficulties 
referred to generally occur where extra load is imposed upon the 
transformers, such as additional indicating meters, or relay 
coils. The manipulation of the meter light-load adjustment is 
altogether a last resort, which, I suppose, would only be employed 
very rarely. For ail ordinary eases of reasonable loading com¬ 
mercial transformers are quite satisfactory. 

Paul MacGahan: I agree with Mr. Maxwell as to the desira¬ 
bility of using separate transformers for relays and for watt-hour 
meters. There is a strong tendency on the part of some switch¬ 
board builders to connect too many devices to the series trans¬ 
formers so as to economize in cost or space. This practise lias 
been very hard to discourage, as the evil effects were not thor¬ 
oughly understood by operating companies. It has been the 
invariable practise of one large company building switchboards 
to insist on separate series transformers for relays and for wat t¬ 
meters, and nothing else in series with watt-hour meters when 
intended to be used for accounting purposes. 

An ammeter of low internal drop, and possibly a power 
factor meter, may be also connected in if the watt-hour meter is 
merely used for operating purposes, and may also be used in 
connection with an indicating watt-meter, as the latter does not 
require the light-load accuracy of the watt-hour meter. 

Although large enough series transformers might be built to 
take care satisfactorily of a watt-hour meter and several other 
instruments, this would be inadvisable, as two separate smaller 
transformers would be cheaper. vSeries transformers with two 
separate secondary coils on separate cores have been used, one 
secondary operating the relays and the other the watt-hour 
meters. 

A convenient grouping of instruments on two sets of trans¬ 
formers would be as follows: 

One set operating relays, ammeters and power factor meters. 
One set operating wattmeters. 

Elmer L. Kyle: Independent of the fact that shunted type 
watt-hour meters may be used in future installations of large 
capacity meters, there are a comparatively large number of 
the series type still being built and many are in use at the 
present time. The testing of the present type is rather awkward 
and in many cases inaccurate, especially in testing those of 
extremely large capacity. In the latter case it is practically 
impossible to test them except by the use of switchboard instru¬ 
ments. 

The method devised by the authors of the paper is funda¬ 
mentally simple in principle, easily manipulated, and the device 
is conveniently transported, making it possible more readily and 
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more frequently to test and maintain the accuracy of the large 
capacity meters. 

The _ importance of this class of testing may not be fully 
appreciated but the increasing demand for large loads makes it 
quite a matter of importance to electric lighting and power 
companies. 

I might also add that although certain types of shunted 
meters possess the redeeming feature of testing "in service with a 
comparatively low current, the method outlined by Mr. Ingalls 
and Mr. Cowles is much more desirable since it possesses many 
of the ideal features in meter testing. 

John Gilmartin: It frequently happens that the diversity 
factor of the natural component parts of an installation i's 
large enough to permit of a much smaller kilowatt capacity of 
meters to be installed if the total load is metered at one point 
than if method No. 3, as described by Mr. Magalhaes, were 
followed. 

The light and full load accuracy of registration will be higher 
on the main meter or meters than on the sum of the individual 
meters. 

For example, in an installation large enough to come under the 
heading of this paper, it is unlikely that janitor work, etc., would 
be performed only on one floor or in one building at the same 
time. 

The usual result would be that instead of the individual meters 
working at favorable loads,-they would each operate at a com¬ 
paratively small load, and it is probable that if main meters had 
been selected with proper consideration of the diversity factor 
they would operate at a more favorable point on the accuracy 
curve than the individual meters. 

The same reasoning holds for large installations having a 
number of motors, the diversity factor of which is frequently 
large. 

Method No. 3, as pointed out in the paper, is very well adapted 
to metering separate converters or, as was shown in a recent 
case that the writer investigated, to the metering of separate 
generators in a power station. 

It is the usual practise to operate generating units up to at 
least half-load rating, thus giving a very favorable condition for 
high meter accuracy, while on the other hand, if meters are 
installed in the station bus they will operate at small loads a 
considerable part of each twenty-four hours, because the load 
curve of the meters will follow the station load curve. 
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INDUCTION TVIMi INDICATING INSTRUMENTS 

ItV CAUL MAT UAHAN 

The modern switchboard, controlling as it duos large amounts 
of power, and often situated where pare is at a premium, 
demands a different, type of switchboard instrument, front that to 
be found on older switchboards, Moreover, modern generating 
equiimumts, generally turbine driven, have resulted in a readjust- 
ment of the comparative importance of tin* different kinds of 
electrical errors to which indicating meters are subject. For 
example, the frequency of a ntotiern system dues not; usually 
vary more than one or two cycles troin the normal speed., and 
therefore frequency characteristics are less important, whereas 
formerly this was one of the great sources of error, A pain, 
due to operation with larger currents or higher potentials, the 
external magnetic o.r electrostatic field effects are greatly in¬ 
creased. 

The tendency of the designer should now he toward prin 
ciples of operation or construction that arc i of greatly influenced 
by external fields instead of those free front frequency errors. 
In addition to this, the questions of compactness, readability, 
aperindidty, ruggedness, and simplicity are equal in import - 
anco to accuracy. Ordinarily the operator does not hesitate 
to repair or readjust a piece of electrical machinery, but due to 
the fact that early meters comprised " feather weight “ move¬ 
ments, dedicate wares, pointers, and com see lions, tin* operators 
have developed a superstitious dread, of breaking '* seals M and 
making readjustments. The modern meters should be suffi¬ 
ciently rugged and simple to be readily handled by an operating 
company’s u meter man." 
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Various Principles op Operation 
For alternating currents the three principles of operation 
round in the best instruments today are as follows: 

Moving Iron Electromagnetic Type. Good initial accuracy of 
calibration. Approximate freedom from frequency and tem¬ 
perature errors. Ratio of torque to weight—low. Some makes 
too delicate. Easy to repair. Subject to both alternating- 
current and direct-current external fields unless heavily shielded. 
Short scale length. 

Moving Coil Electro dynamometer Type. Highest in initial 
accuracy of calibration and freedom from errors due to frequency 
and temperature. Ratio of torque to weight—low. Delicate. 
Difficult to repair. Subject to external fields of same frequency 
unless heavily shielded by internal laminated iron shields. Short 
scale length. 

Induction Type. Good initial and continued accuracy. Ratio 
of torque to weight—very high. Rugged and simple movements. 
Easy to repair. Extremely long scales and high readability. 
Frequency errors greater than in moving coil or moving iron 
types. External field errors due only to fields of same frequency, 
in certain directions, and are slight. 

Other principles have been from time to time employed, 
but the race has now narrowed down to the above three types. 

The fundamental or distinctive advantage of induction in¬ 
struments for switchboard use is their unequalled scale length. 

It should be borne in mind that the moving coil or moving iron 
meters, as now manufactured, evidently represent very nearly 
the highest state of development to which these principles can 
be brought, whereas in the case of the newer induction principle 
much can be expected in the future in the way of greater refine¬ 
ments. It is the writer’s opinion that the induction principle 
will eventually supersede the other types for switchboard work, 
for the same reasons that this principle has superseded all others 
m the case of a-c. watt-hour meters. 


accuracy 


fieldtS! type “ struments especially free from external 
field influences. Nor are they as deficient in frequency error 

aractenstics as is often assumed. Induction type ammeters 
and voltmeters having an error of less than 1/20 per cent oer 
cycle are now obtainable, so the error due to this cause in a 
modern plant would not be noticeable. 
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Moving iron and moving coil instruments, although prac¬ 
tically free from frequency and temperature errors when properly 
designed, are extremely subject to external field effects, and the 
best practise is to insert heavy shields of iron within the thin iron 
cases to overcome this. Without such shields the thin iron 
cases quickly get saturated by an external field, after which the 
further shielding effect ceases. Their light torque also causes 
them to be very susceptible to external electrostatic effects 
which cause the pointer to be attracted to the glass or case, 
introducing troublesome errors. It should be noted that moving 
coil meters have an advantage over moving iron types in being 
influenced only by external magnetic fields of the same frequency; 
whereas moving iron meters are affected by both alternating 
and direct stray fields. 

Temperature errors in instruments are important, as varia¬ 
tions in the temperature of switchboards may be considerable* 
Alternating-current instruments of either induction, moving 
coil, or moving iron construction are readily obtainable whose 
temperature errors are within satisfactory limits. Self-heating 
errors due to heat liberated in the meters themselves should 
be carefully avoided, and are not found in properly designed 
meters. 

The mechanical sources of error are probably of greater im¬ 
portance than purely electrical ones in switchboard instruments, 
as the causes which produce them also reduce the life of the de¬ 
vice and greatly increase the errors with usage and time. In¬ 
struments having the highest ratio of torque to weight of move¬ 
ment will have the greatest accuracy and longest life if equiva¬ 
lent in other respects-, and if the movement is not sufficiently 
heavy to damage the jewels. Experience and tests have 
shown that 15 grams maximum is a safe limit for horizontal 
shafts in “ V ” sapphire jewels, and that a ratio of torque to 
weight of 0.15 is a satisfactory minimum, when torque is expressed 
in centimeter-grams, and weight in grams, in the case of switch¬ 
board meters. The disadvantages of very light movements, 
even if the torque ratio be high, is that the slightest mechanical 
strain due to overload, or even precipitation of moisture on the 
pointer, will throw the movement out of balance; thus such 
meters must necessarily be provided with external means for 
zero adjustment. The exceedingly delicate threaded rods, screws, 
and other parts visible only under a glass, render such meters 
difficult to repair outside the factory. 
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Compactness 

A form of construction considered desirable for these induction 
meters consists of a round pattern 7-in. diameter case with a glass 
front. The scale length is 14| in., subtending an are of 300 deg. 
This gives the maximum possible compactness and readability. 
A compact arrangement of large switchboard equipment is con¬ 
sidered important on account of the cost of space (particularly 
in large cities), reduced attendance, location in operating galleries, 
reduced cost of marble or busbars, and visibility of all instru- 
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Pig. 1—Diagram Showing Comparative Akkas Kkquirkk jiy Various 
Pyres or Meters on Switchboard Panels. 


merits from point of operation. These features are of such 
importance that it is not unusual to find that the meters have 
been made to suffer in consequence by a reduction in scale length 
as m previous types of 7-in. meters, or by the use of rectangular 

cases with curved glass, as in vertical or horizontal edgewise 
meters. 

. The principal types of switchboard indicating meters are given 
m Table I, the area occupied on the marble by the cireumscrib- 
m g rectangle being tabulated compared to the scale length. 
To facilitate comparisons a schematic layout of various panels 
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is shown in Pig. 1, using 7-in. and 9-in. round pattern, and edge¬ 
wise m:ters. The limitations of round type 7 in. meters have 
heretofore been short scale length, and the fact that complete 
lines including wattmeters, frequency, power factor meters, and 
synchroscopes, as well as d-c. and a-c. ammeters and voltmeters, 
have not been available. The induction principle applied to 
the 7-in. ammeter, voltmeter and wattmeter has apparently 
placed this 7-in. construction on an entirely new basis, the scale 
length being equal or greater than in any previously designed 
9-in. meter. 


TABLE I 

COMPARISON OF SCAL E LENGTHS AND SURFACE COVERED 


Type of meter 

Area marble 

Scale length 

Round pattern 7f in. diameter 

5S sq. in. 

5 to 14i in. according to make 

“ “ 9f in. “ * 

110 “ 

6J to 14i in. “ u u 

Horizontal edgewise 6 x Si in. 

51 “ “ 

6 in. 

Vertical “ 4 x IS in. 

54 “ “ 

12 in. 

i; “ 4 x 18 in. 

72 “ “ 

12 in. 

“ “ 5£ x 15§ in. 

82 “ “ 

12 in. 


*Front connected, space including that taken by terminals. 


TABLE II 

COMPARISON OF AREA ON PANEL REQUIRED PER INCH OF SCALE 


Type of meter 

Square inch area of panel 
required per inch length 
of scale 

7g in. round pattern (average). 

11 

7 f “ “ u (induction type). 

3.9 

9A « « « « « 

7.5 

9 s' “ « « (average). 

15 

6 x 8$ in. horizontal edgewise. 

S.S 

4 x IS in. vertical “ . 

G 

5\ x 15i in. vertical “ . 

6.S 

Illuminated dial (average). . 

16 


Readability 

Under this heading we may consider scale length and distri¬ 
bution, form of scale, reflections from glass and illumination. 
In a true comparison it should be noted that if the long scale 
takes a larger case the distance from the operator is increased 
by a less compact arrangement of panels. A basis for comparison 
is the ratio of area of circumscribing rectangle to the scale length 
in inches. Table II shows such a comparison. 

In voltmeters, readability at the normal point should be high; 
in ammeters, readability should be a maximum at the high 
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points of the scale, as overloads should be indicated with the 
greatest accuracv. Table III gives a comparison of the inches 
per volt, on the scale, at the 115-volt point, in various types of 
150-volt scale voltmeters. 

A consideration of importance as affecting readability is that 
of the proper scale and pointer illumination. The tendency 
is now to limit the so-called “ illuminated dial ” meters to switch¬ 
boards of a highly decorative character, and to heavy capacity 
d-c. panels whose size is determined by the other apparatus 
mounted on them. Moreover, rear illumination is not of much 
value in an operating room in which the general illumination 
has been worked out upon proper lines. Full glass front plates 
instead of metal covers with curved slots in them for showing 
the scales, greatly improve the readability by thoroughly il- 


TABLE III 

COMPARISON OF VOLTMETER POINTER DEFLECTIONS 


: Full scale 
| capacity 

Size Type 

i 

. 

Point 

Inches 

per 

volt 

| 150-volt 

7 f in. Round pattern (induction type) a-c. 

71 in. “ “ (average) a-c. 

9 f in. “ “ (induction type) a-c. 

9 f in. “ “ (average) a-c. 

91 in. “ u (D’Arsonval type) d-c. ; 

6 x S in. Horizontal edgewise a-c. 

4 x IS in. Vertical edgewise a-c. 

115-volt 

a a 

Li U 

0.16 ! 
0.035 
0.16 
i 0.05 
0.052 
0.023 
| 0.13 


luminating the dial and by allowing the v r hole length of the 
pointer to be seen instead of showing only an “ index ” through 
a slot. By proper arrangement of the illumination, troublesome 
reflections from flat glass fronts can be entirely eliminated and 
readings can be taken accurately from any angle, a matter of 
much greater difficulty in the case of the curved glass used in 
edgewise meters. 

Fig. 2 show r s a novel arrangement of a black dial with white 
figures and pointer wdiich in certain instances will be found 
advantageous. A w T hite mark on a black ground is much easier 
to see than a black mark on white. A white object causes a 
certain amount of “ halation ” in the eye or through a photo¬ 
graphic lens, causing the mark to look larger. This halation thus 
tends to blur black lines on white dials. The eye automatically 
tends to adjust itself to this, causing a certain amount of strain. 


PLATE LXXXIV 
A. I. E. E, 
VOL. XXXI, 1912 



Fig. 2—Black Dial Meter. 
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As a lens cannot adjust itself to such varying conditions, a 
photograph of a white dial alongside of a black dial meter under 
identical conditions of illumination will show the real difference 
in readability. The photograph reproduced in Fig. 3 was taken 
with every possible precaution to insure an exact comparison, 
and the result is in favor of the black meter. Meters thus ar¬ 
ranged with black dials have been used very successfully on 
electric locomotives operating often at night or in tunnels, where 
the glare from a white dial would seriously interfere, with the 
driver’s view of the track ahead or the signals. 

Theory and Performance of Induction Instruments 

The ammeters, voltmeters and wattmeters with which the 
writer is most familiar consist of a movement comprising an 

aluminum drum rotating in the 
air gap of an electromagnet, 
through the coils of which pass 
the currents to be measured, in 
the manner generally known as 
the “ induction type ” construc¬ 
tion. Such instruments may be 
said to differ from the moving 
coil electromagnetic instru¬ 
ments in that the currents in 
the movable element which 
react upon the field of the 
stationary element, thus pro¬ 
ducing torque, are induced in 
the moving element by the 
transformer action of the pri- 

Fig. 6-Diagram of Ammeter mar y coil and core ’ instead of 
Electromagnet. being conducted intoit by means 

of flexible spring-conductors. 

In analyzing the action of this instrument it is clearer to con¬ 
sider it in the light of an ordinary moving coil electromag¬ 
netic instrument than as an induction motor, although it is in 
reality a special form of induction motor. 

Thus in Fig. 6 the laminated iron circuit of an ammeter is. 
shown, with its annular air gap in which the aluminum drum is 
free to rotate. P represents a primary winding through which 
passes the current to be measured. S - S is a secondary winding 
short-circuited on itself. The dotted lines marked <j> represent 
the various magnetic fluxes produced by currents in the coils. 
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The windings P and S are the same in relation to each other 
as the primary and secondary windings of a current transformer, 
and their currents are similarly related. Thus the functioning 
of this type of induction ammeter can be said to be due to a 
combination of the actions in a current transformer aiul an 
induction motor. In this respect it differs from all previous 
types of induction meters, the result being an exceptional free¬ 
dom from frequency and temperature errors, as explained further. 

Fig. 4 shows the movement of such, a meter, and Pig. 5 shows 
the electromagnet assembled on the base. 

Considering the induction type ammeter from the moving 
coil meter standpoint, we have, 


Torque — <f> I cos y k (1) 

in which 

<j> — flux produced by stationary coil, passing through 
the moving coil. 

I = current, moving coil 
y = angle of lag. 
k = constant. 


In the induction meter, I in drum /,> is equal to 


voltage in drum 
impedance of drum 


or proportional to 



(N — frequency, Z v — impedance, of 


drum.) If were oscillatory, such as due to singles] >hase current s 
in primary coil P only, the secondary currents induced in the 
drum would-be in the plane OP only, and thus would not be in 
a position to cause rotary torque in connection with the pri¬ 
mary flux <t>p. 

If, however, an additional flux, differing in phase, is int.ro 
duced by means of additional coils S, this flux 4>„ will in the 
instrument as constructed be in a direction at right angles to 
<t>p> and will thus cause torque by reacting upon the secondary 
currents in the drum which flow in the direction Of. At the 
same time the flux <j> s will cause secondary currents in the drum 
in the direction OS, which are in a position to react upon t[> p 
to produce torque. Any secondary currents induced in the drum 
in intermediate directions may be resolved into components in <li 
rections OP or 0 S and thus are represented by currents in these 
directions only. It is understood that the fluxes <i> p and cj> a do 
not actually exist separately, but act in combination to produce 
a resultant flux <f> r which rotates with a frequency equal to that 
of the circuit. They may be treated separately for purposes 
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of analysis, however. Thus the law of torque of such an instru¬ 
ment can be written: 

Torque = <j> p I s cos a + <j> 8 I p cos (3 (2) 

a = angle between <j> p and I s 

(3 = “ 4> s and I p 


• It is assumed throughout this discussion that the values I Pl 
Is, I\ etc., for currents are stated in terms of equal turns, 
or as “ ampere-turns.’’ 

In order to produce currents in the coils S , differing in 
phase from those in the primary coils P, and thus produce the 
fluxes <fi 8 and <f> Pi the “ transformer ” arrangement of coils is 
used in the ammeter. The coils P are wound directly over 
secondary coils, which are in turn short-circuited through the 
distributed pole-piece coils S . The relations between the cur¬ 
rents and fluxes are the same as 


those in current transformers, 
shown graphically in Fig. 7, 
where P = current in primary, 
I" — secondary current, and 
I m = magnetizing current. 




Fig. 7—Diagram of Trans- Fig. 8—Vector Diagram of 
former Relations. Meter Relations. 


The flux due to the magnetizing component of the primary 
coil is in the direction 0 4> P . The flux produced by the current 
in the secondary coils is in the direction 0 <j ) s , in phase with the 
current 1" in the secondary and pole-piece windings. It is seen 
that the phase angle between the fluxes <f> s and <p P is, roughly 
speaking, 90 deg., thus producing a rotation of the moving ele¬ 
ment as previously explained. 

The <f> p , as in a current transformer, is inversely proportional 
to the frequency, but <fi 3 is independent of the frequency, being 
only proportional to I". 

In the vector diagram Fig. 8, let 0 <fi p = the primary and 
0 4>* the secondary flux. At right angles to each are the voltages 
0 V p and 0 V 8 induced by these fluxes in the moving drum. Lag- 
ing behind these voltages are components of the current in the 
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drum, 0 Ip, due to <j>p, and 01 8 due to cj) 8 . (See equation 2). 
Let 0 = angle between <p p and 

7 = lag of currents in drum behind Vp and V s . 
Then we have a = 7 + 0 + 90 deg. 

Q = 7 — 0 + 90 deg. 

Whence, cos a = sin ( 7 + 0 ) and cos /3 = sin (7—0) 

Substituting in (2), 

Torque = 6 P I s sin (7+0) +cj> s Ip sin (7 -0) (3) 

The currents in the drum being proportional to the voltage 
induced^ in it divided by the impedance of the drum circuit, 
we have 


N<t>.K ' 


Z d K" 

(4) 

N<t> P K 


Z D K" 

(6) 


in which K',K",K'" } are constants which will hereafter be omitted 
for clearness. 

jt 

As <j> p ~ — and <p s = I' being the current in the primary 
coil, we obtain by substitution 

i _ 

* Z c ( 6 ) 


1 = JL 

* Z D (7) 

Substituting in (3) 

( J ')2 

Torque = -w— [sin (y + 6) + sin (-y— 6 »)]; whence, 

(I') 2 

Torque = (cos y sin 0) ^ 

It is evident that Z D ,y and 8 are functions varying with the 
frequency and therefore in order to make the meter independent 
of frequency we must make cos y sin 9 = Z D ; that is, the func¬ 
tion cos y sin 8 must vary as the impedance of the drum. 
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This condition for independence from frequency variations 
can in reality be only approximated. The actual design is 
necessarily the result of extended experimentation and labora¬ 
tory work, combined with calculation, so as to secure the greatest 
possible range over which the meter will be independent of 
frequency. The performance curves on the ammeters in ques¬ 
tion show a maximum difference in readings for any two fre¬ 
quencies between 25 and 60 cycles of \ per cent. (See Fig. 9). 

In the case of the voltmeter, the primary coil is wound with 
fine instead of coarse wire, and an external series non-inductive 
resistor is-used, wound with wire having a zero temperature 
coefficient. 



CYCLES, FOR CURVE N0.1 WHICH SHOWS THE EFFECT OF CHANGES IN FREQUENCY 
MINS. IN CIRCUIT " " ".2 " " " " •• SELF-HEATING AT % LOAD 

AIR TEMP. IN c C. " " " 3 " " " " " VARIATIONS IN ROOM TEMP. 


Fig. 9—Performance Curves, Ammeter. 


The proportion of series ohmic resistance to the total imped¬ 
ance is made very high and the current in the primary coils 
of the voltmeter is almost independent of the frequency, thus 
approximating the results found in the ammeter. (See Fig. 10.) 

In the above discussion, only the effect of the variation of 
frequency upon the torque was covered. In addition an error 
may be introduced by the varying temperature, changing the 
resistance of the drum and thus the currents I t and /„ induced 
in the drum (see equation 3). In order to correct for this 
variation, the secondary coil circuit is arranged to have a tem- 
peratyrg coefficient of resistance such as exactly to cancel the 
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effect of increased resistance of the drum. To do this advantage 
is again taken of the effects taking place in current transformers. 

If in a current transformer the primary current be kept con¬ 
stant, the secondary current will remain approximately constant 
for a considerable variation in secondary resistance. Thus any 
increase in secondary resistance causes a proportional increase 
of the flux in the core. 

In the particular induction ammeter construction described, 
the secondary circuit is wound partly with copper and partly 
with wire of low temperature coefficient , the resulting temper¬ 
ature coefficient of the circuit being such as to increase the fluxes 
in the iron when the temperature of the aluminum drum rises. 



Pig. 10—PiiKFouMANCii Curves, Voltmeter. 

By a proper proportioning of temperature coefficient of the sec¬ 
ondary winding the temperature compensation is effected with 
great exactness. 

The equations (4) and (5) show the effect of a variation of 
temperature, and consequently Z u , upon the induced currents 
in the drum. 

From equation (3) by substituting (4) and (5) and omitting 
constants we have 

Torque = sin (y + 0) + <t> "^ <i>P sin (7 . 0) 

= —jh’-Q-'. ( COS y S j n 0) 
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From this we see that the condition for zero temperature error 
of meter is that 

(j>p <t>s = Z I> (considering the frequency as constant). 

As cf) s is virtually independent of the resistance and thus of 
temperature, we may for simplicity write this condition, 

4>p = Zr> 

At a fixed current, <j> p is a function only of the impedance of 
the secondary coil circuit. From this it is evident that the tem¬ 
perature coefficient of the secondary winding must be the same 
as that of the drum, in order to make the temperature error of 
the meter zero. 

In actual practise, there are a number of factors tending to 
complicate the above relations, such as the temperature varia¬ 
tions of the iron and of the control spring, etc., so that the proper 
proportions of copper wire to resistance wire in the secondary cir¬ 
cuit can best be determined experimentally. The actual tem¬ 
perature errors are shown in Figs. 9 and 10. 

It will be noted that the results as to temperature coefficient 
and as to frequency errors compare very favorably with those 
in meters operating on the moving iron or moving coil principles. 

A similar arrangement for temperature and frequency com¬ 
pensation has been worked out in the wattmeter. 
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COMPENSATING WATTMETERS 


BY A. L. ELLIS 


In these days of large units and stupendous engineering 
undertakings one is apt to overlook the problems involved in 
assigning to little things an accurate valuation. 

The output of a very large generator can be determined within 
one per cent by means of instruments easily obtainable, if not 
already at hand; yet assigning a value to the energy delivered 
to a small metal filament lamp or the potential circuit of an 
induction meter presents some difficulties not readily overcome. 
This is chiefly due to the low watt consumption which gives a 
very small deflection on the scale of wattmeters designed for 
other than laboratory use. 

There are a number of cases where a suitable indicating watt¬ 
meter is greatly needed, as for instance, in measuring the core 
loss of small transformers, bell-ringing transformers, compensa¬ 
tors for metal filament lamps, small fan motors, small three- 
phase motors running light, shunt losses in induction meters, 
etc. It is generally desirable to make such measurements when 
a given e.m.f. is applied to the terminals of the devices. As low- 
capacity wattmeters are produced by increased turns in the coil 
in series with the load it is also desirable to connect the volt¬ 
meter and the “ potential terminals of the wattmeter across 
the load itself, in order to avoid the phase displacement and IR 
drop which occurs in the wattmeter current coils. 

This arrangement has the disadvantage that the potential 
circuit losses of both the voltmeter and wattmeter are then 
included in the watts indicated by the latter instrument, thus 
making it necessary to apply corrections to the readings. It 
frequently happens that the instrument losses are many times 
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greater than the loss to be determined, hence the result obtained 
is the difference between two nearly equal quantities. This 
together with small scale deflection makes accurate determina¬ 
tions practically impossible. 

An instrument for this work should possess the following 
characteristics distinguishing it from the ordinary low reading 
wattmeter. 

1. It should be so designed that its errors can be readily 
computed for all conditions of load, power factor of load, scale 
position, etc., and readings corrected for these errors. 

2. Its indications should be compensated for its own losses. 

3. Its indication should be compensated for loss in the volt¬ 
meter or other instruments which may be connected across the 
terminals of the device being measured. 

4. It should have a large current capacity in terms of its 
full scale watt value, as a great many of the small energy 
consumers operate at low power 
factors. 

5. It should possess high 
torque in order that its life of 
unimpaired accuracy may not be 
shortened. 

6. Its moving system should 
be damped. 

7. It should be shielded to 
protect it from stray magnetic 
and electrostatic fields. 

Fig. 1 shows diagrammatically the compensated wattmeter as 
commonly constructed. 

The moving coil A is pivoted between two similar spools 
upon which are wound the series or current coil K and the com¬ 
pensating coil H. 

The spool comprises the brass supporting easting /*, into 
which is soldered a brass tubing C, having a flang * D to form a, 
channel for winding. The spool is split radially by one saw- 
cut to reduce error due to eddy currents. 

The.turns of the series coil E should be concentrated about 
the moving coil in the most effective position, the available space 
should be filled with copper, and as little insulation used as will 
insure freedom from short circuits. Some of the available space 
must be given up to the compensating coil; hence it is usually 
composed of fine wire, 0.005 to 0.010 in. (0.125 to 0.254 mm.). 
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In Fig. 1 the compensating coil H has approximately the 
same number of turns as series coil E and is wound beneath 
because, being fine wire, it is best supported when wound directly 
upon the metal spool. 

Sometimes the compensating coil is wound upon the series coil 
either direct!}’ or on a separate support. In either case, the 
adjustment of the compensating coil is obtained by adding or 
subtracting turns, until no deflection is obtained when the current 
for the moving coil is taken through the series and compensating 
coils connected in series and opposing. 

Since the coils E and H have not the same radius they will 
not affect the moving coil equally for all scale positions; con¬ 
sequently the compensation can be made exact for one scale 
position only. This is also true for more than one layer and 
the error becomes more pronounced as the layers increase, or if 
the compensating circuit is wound outside of the series coil, 
e’ther directly or as a separate coil. 

When constructed as in Fig. 1, an average in equality of 4.5 
per cent and a maximum of 6 per cent has been observed for 
the different scale positions. 

True compensation for all scale positions can only be obtained 
by using a concentric cable when winding the series coil, the 
wire of the compensating coil forming the core upon which the 
strands of the series coil cable are laid up. Such an instrument 
possessing a 150-watt scale has been made. 

There are, however, structural difficulties which preclude 
the general use of this method, namely: (1) the problem of 
bringing out the compensating core and securing same so that 
it will not break off at the point where it enters the finished 
coil; (2) the difficulty of securing sufficiently high insulation 
between core and cable to permit the use of the instrument 
upon 150-volt circuits; (3) the fact that, because where small 
conductors are concerned cable construction greatly reduces 
the amount of copper that can be wound in a given space because 
this is still further reduced by the compensating core, the cur¬ 
rent is so limited that the instrument is suitable for measurements 
around 100 per cent power factor only. 

Very good results have been obtained by winding the series 
coil in several layers and at the same time winding one or more 
fine compensating wires so distributed that their respective 
magnetic effects in relation to the moving coil are substantially 
equal. 
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Fig. 2 gives the departure from the compensation for various 
scale positions. The curves are plotted from observations, using 
a wattmeter like that in Fig. 1, and one having specially wound 
coils. 



Fig. 2—Curves Showing Compounding between Current and 
Compensating Windings 



POSITION OF POINTER UPON SCM E PER CENT OF FULL SC/ I ( 

Fig. 3—Compounding between Current Cotes and Compensating 
Winding in Wattmeter ok Special Type. 

Curves drawn to twenty times the scale of those in Eif,?. 2. 

Fig. 3 is interesting, as it shows the accuracy to which the 
actual compensation was observed. The curves are for the 
specially wound wattmeter of Fig. 2 and are plotted to a scale 
twenty times larger. The second set of observations was taken 
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four months later than the first, during which time Hie moving 
coil had beet) replaced by a new one and a new scale marked for 
it The greatest differe re between observed points on the two 
curves does not exceed 0,2 per cent of tin* compensation, show¬ 
ing that between 0 and 2a per cent, of full settle t he compensation 
is correct within 0.2 per cent, and, excepting one observed point, 
within 0.2 per rent for the remainder of the scale. 

Equally good results can be obtained with a second fine wire 
wound in the series coil, which may be used to feed a voltmeter 
or other device and automatically subtract from the wattmeter 
indication the energy so delivered. The connections in this case 
are shown in Fig. I, which is self explanaton . 

Table I gives the percentage difference in the watts observed 
when measuring a given load first " direct " and then com pen- 
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sating; 1.1k* number t*f watts obtained when used duvet is taken 
as standard. This shows imirlt 1 »ri ter n»uipr«e«at a m in tla* rasa 
of the special t ype, under a)! e»M*Iiiioas. 

The M computed variation** at t he hot t uni of the table is 
the differenee i i per rent one wuuhl expert to observe, based 
upon tile potential riivuir losses ami the departure from rxarl 
com i ten sat ion, neglecting the effort of mutual mdueltom 

While the wattmeter eat* be close! v compensated for the 
voltmeter losses, the volt meter indieat a ms must be corrected 
for the added ohmie resistance and the disturbance due to mutual 
indueta;ii(‘e between series avid compensating roils; the resultant 
sel fan duet a nee of i hese roils is equal t.o /ent. 

Fig. 5 gives tin* e.m.f, due in mutual induction at 4*0 cycles tor 
two capacities of wattmeters, showing how this e.tn.f. varies 
with the current taken by the load* 






1584 


ELLIS: ELECTRICAL MEASUREMENTS [June 28 


Fig. 6 gives the error in the indication of the voltmeter in volts 
at 60 cycles for all load power factors, when the particular watt¬ 
meter considered is loaded with its maximum rated current 
(2.25 amperes), and operated upon circuits of 100 volts or over 
with either lagging or leading current. It is to be noted that the 
error is roughly constant for all low power factors up to 50 per 

TABLE I.—TEST OF COMPENSATING WATTMETERS 
THE OBSERVED VARIATION IN CALIBRATION WHEN SHIFTING FROM 
DIRECT TO COMPENSATING 


(Variation given in terms of the “ direct ” calibration taken us standard.) 



On 

mity power factor 

On 

jower factor 

=* 0.1 

Watts 


Wattmeter No. 2 

1 

Wat Line 

,er No. 2 

read on 

Wattmeter 

(Special type) 

1 Wattmeter 

(Special type) 1 


No 1 



! j\j n | 



instrument 

common 

Alone 

With 

common 

Alone 

With 


type 


voltmeter 

type 


voltmeter 


(Per cent) 

(Per cent) 

(Per cent) 

(Per cent) 

(Per cent) 

(Per cent) 


60 Cycles per Second; Current Lack 

iING 


25.0 

—1.25 

—0.16 

—0.27 

—0.88 

+0.15 

40.02 

20.0 

—0.71 

—0.07 

—0.17 

—0.87 

+0,11 

0.11 

15.0 

—1.12 

—0.09 

—0.30 

—0.95 

+0.05 

1 0.01 

10.0 

—0.90 

—0.25 

—0.20 

-0.75 

+0.10 

10,18 


125 

Cycles pe 

r Second; Current Lacking 

| 

25.0 

—1.03 

—0.07 

+0.07 

.-0.30 

.0.07 

0.19 ! 

20.0 

—0.73 

+0.03 

—0.05 

—0.39 

+0.09 

+ 0.15 

15.0 

—1.01 

—0.19 

—0.34 

- 0.70 

+0.49 

4 0.28 

10.0 

—0.50 

—0.06 

—0.06 

- 1 .18 

+0.41 

+0.26 ; 


125 

Cycles pe 

r Second; C 

urrent Leading 

j 

25.0 

—0.66 

—0.14 

—0.22 

—0.56 

+0.29 

40.33 ! 

20.0 

—0.64 

— 0.08 

—0.31 

— 0.4S 

—0.20 

0.17 I 

15.0 

—1.31 

—0.46 

—0.41 

—1.05 

—0.10 

-.0.21 

10.0 

—1.13 

—0.12 

—0.12 

—0.89 

* 0.11 

.0,16 



Compute 

d Variation 

or Error 




(Based upon potential losses an< 

per cents on 

2.) 


25.0 

—0.59 

—0.07 





20.0 

—0.70 

—0.10 




I 

15.0 

— 0.6S 

—0.02 




| 

10.0 

—0.83 

—0.03 






...- 


—..... 



i 


Note: The theoretically perfect wattmeter should show no variation, iWKlirtiim mutual 


cent power factor, the total variation amounting to 0.2 volt. 
Beyond 80 per cent power factor the error falls rapidly to zero. 
Tf f-Lro mutual e.m.f. . , 

it the ratio is less than 2 per cent, the indica¬ 

tion expressed in volts is approximately equal to the. mutual 
e.m.f. X sin 9, where 9 is the phase angle of the load. The effect 
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0 10 20 30 40 50 60 70 80 00 100 

CURRENT IN LOAD 

(PER CENT OF RATED CAPACITY OF INSTRUMENT) 


Fig. 5—Curves giving the E. M. F. Induced in Voltmeter Com¬ 
pensator by Mutual Inductance. 



F'.c. 6 —Calculated Curve, giving the Error in Voltage Indicated 
by Voltmeter when used with Voltmeter Compensator. j| 

With full load current upon the wattmeter. 
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of added resistance on the voltmeter indication is easily computed 
to any accuracy required. 

The mutual inductance due to the compensating coil causes 
no appreciable error in the wattmeter at any load or any power 
factor. The reason may perhaps be better understood by referring 
to the vector diagram shown in Fig. 7, which, while not completely 
representing all that takes place in the operation of the watt¬ 
meter, shows the principal reason why the indication is not 
affected. In this diagram 

J T = phase of true load current. 

E m = phase of the e.m.f. induced by mutual inductance 
which leads J T by 90 deg. in time phase (considering 
that compensating winding is reversed). 

E x = phase of true load potential. 

B = true angle between phases of I T and E T . 

E{ = the total effective volts impressed upon the potential 
circuit = resultant of E T and E m . 

Read E' for lagging and E " for leading current. 

It will be seen at a glance that, since a line can be drawn 
perpendicular to / T and common to the vectors of the true load 
and the resultant instrument potentials, and since the distance 
of this line from the origin along I T represents that component 
of the potentials in phase with J T) or in other words determines 
the watts, whatever the value assigned E m , the wattmeter 
indication will not be affected for any given relation between 
E T , It and 6. 

This is not strictly true when all factors are considered. The 
diagram considers only the e.m.fs. due to mutual induction, and 
neglects the effect of the moving coil, as also the current flow 
into the load and into the source, due to E m . These disturbances 
are very slight; their combined effects do not produce an 
observed error. This is fortunate, as it would be difficult to 
correct for the current flow into the load and source, because, 
while the constants of the load can be measured, the constants 
for the source would be difficult to determine and are ever chang¬ 
ing. 

The common type of wattmeter designed for use on voltages 
around 110 has a maximum capacity of 150 watts; the ampere 
capacity is limited to 1.5, in some cases as high as 2 amperes. 
An instrument of this type, upon low power factors, does not 
produce a deflection such that the distance of the pointer from 
zero can be determined very accurately. The capacity of 150 
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volts is of little value, since the devices to be measured have 
been designed to operate upon commercial circuits; hence the 
voltage most frequently used is 110, with probable maximum of 
120 volts. On this basis the full scale deflection would be 
obtained at 62 per cent power factor. 

The sensibility of the instrument and its field of usefulness 
can be enhanced by so proportioning the potential circuit that 
it will be limited to potentials of 125 volts or less. The series or 
current coil should be rated as high as possible and the activity 
of the moving coil increased by increasing the ratio of the 
inductance to the resistance. 



The special wattmeter previously and subsequently referred 
to has an ampere capacity of 2.25 amperes, a potential limit of 
125 volts and a full scale of 70 watts. On the basis of 120 volts 
the full scale deflection would be obtained at 26 per cent power 
factor as compared with 62 per cent power factor for the common 
type. Deflections around f scale can be obtained at power 
factors below 10 per cent within the rated capacity. If left 
continuously in circuit at rated load a small correction will be 
necessary, due to the heating effect, but no noticeable disturb¬ 
ance is produced if left in circuit for five minutes at a time with 
short intervals of rest. 
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In the design of an instrument, metal affords the most certain 
readily obtainable and eminently satisfactory mechanical means 
of definitely locating the various vital parts with respect to one 
another; yet, when utilized as found in the common type of 
wattmeter (illustrated in Pig. I), it becomes a serious source of 
error due to eddy currents. 

The error is greatest at low power factor, because the eddy 
currents are then nearly in phase with the current through 
the moving coil, the deflection of the instrument is small and 
the current producing eddy currents is large. 

The magnitude of the error varies with the frequency, power 
factor, amperes of load, voltage across instrument terminals, 
and position of pointer on scale-, making it practically impossible 
to correct readings for errors of this nature. The effect of this 
error is to cause tine indications of the instrument to be too 
small or too large when the load current lags behind or leads the 
impressed e.m.f. 

A comparatively large amount of metal can be used to secure 
mechanical stability and be so placed with respect to the station¬ 
ary and moving coils that practically no error results due to 
eddy cunents, even when the sensibility is greatly increased 
as in the case of the “ special ” wattmeter. 

I he special ” wattmeter, besides having robust metal 
supporting frames, was equipped with magnetically damped 
moving system and massive iron magnetic shields. Table IT 
gives a comparison between the calculated errors and the 
observed total accumulation errors at 10 per cent power factor, 
for 60-cycle lagging current and 125-cycle lagging and leading 
current, for both the common and special type wattmeter, when 
used direct (as an ordinary wattmeter) and when used compen¬ 
sating. The calculated errors as given take nothing into account 
except the phase displacement caused by the self-inductance of 
the potential circuit the theoretical effects which mutual induct¬ 
ance might produce being completely disregarded. 

Referring to the errors observed in the common typo of watt¬ 
meter, the effects of eddy currents are plainly in evidence. 
Where it would be expected that the instrument should read high 
due to the phase displacement of the moving coil circuit, the 
instrument actually reads low due to eddy currents. 'Phis is 
true whether used compensating 'or direct; the lack of correct 
compensation amplifies the error on lagging current and reduces 
the error on leading current. The magnitude of the error varies 



1912] 


ELLIS: ELECTRICAL MEASUREMENTS 


15S9 


with the scale position, being more pronounced when the com¬ 
pensating coil is used, except on leading current, where the varia¬ 
tions in the errors due to the different positions tend to neutralize 
one another. A useful correction factor cannot be supplied with 
wattmeters of the common type, because where we would expect 
it to read 0.53 per cent high it actually reads anywhere between 
0.77 per cent and 2.15 per cent low. 

TABLE II. TEST OF COMPENSATING WATTMETERS 
THE TOTAL ACCUMULATIVE ERRORS OBSERVED ON POWER FACTOR 

LOADS 


(Figures in table are corrected for scale errors.) 



Power factor of load =0.1 


Used direct 

Used compensating 

Watts 




Wattmeter No. 2 

read on 

Wattmeter 

Wattmeter 

Wattmeter 

Special type 

test instrument 

No. 1 

• No. 2 

No. 1 






Common 

Special 

Common 

Alone 

With 


type 

type 

type 


voltmeter ; 


(Per cent) 

(Per cent) 

(Per cent) 

(Per cent) 

(Per cent) 


60 Cycles 

per Second; 

Current Lagging 

j 

25.0 

—0.92 

+1.54 

—1.85 

+1.68 

+1.62 

20.0 

—0.77 

+1.55 

—1.82 

+ 1.41 

+1.30 

15.0 

—1.10 

+ 1.48 

—2.15 

+ 1.54 

+ 1.60 | 

10.0 

, —1.15 

+ 1.67 

—1.51 

+1.56 

+ 1.58 

^Calculated errors 

| +0.53 

+1.69 

+0.53 

+1.69 

+ 1.69 


125 Cycles per Second; Current Lagging 


25.0 

—1.18 

+4.70 

—1.21 

+4.63 

+4.55 

20.0 

—1.02 

+4.32 

—1.29 

+4.33 

+4.47 

15.0 

—2.05 

+3.47 

—2.42 

+4.09 

+3.8S 

10.0 

—2.00 

+3.91 

—3.14 

+4.33 

+4.18 

* Calculated errors 

+1.12 

+3.63 

+1.12 

+3.63 

+3.63 


125 Cycles per Second; Current Leading 


25.0 

+1.63 

—2.94 

+1.01 

—2.62 

—2.58 

20.0 

+1.58 

—2,95 

+1.09 

—3.16 

—3.34 

15.0 

+1.42 





10.0 

+1.68 

—2.67 

+ 1.02 

—2.78 

—2.83 

* Calculated errors 

—1.12 

—3.63 

—1.12 

—3.63 

—3.63 


*The calculated errors take nothing into account except the self-inductance of potential 
circuit. 


The wattmeter having special coils shows no observable error 
due to eddy currents, the calculated error and observed error 
have substantially the same magnitude and sign, while the 
error for the various scale pos’tions is practically the same. The 
excellence of the compensation is to be noted in the good agree¬ 
ment between the errors when used direct and compensating, 
and even when compensating for a voltmeter in addition. A 
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correction factor can be applied with advantage to the readings 
of this instrument, namely the phase angle of the potential 
circuit. 

The correction factor is large, compared with, that calculated 
for the common type, because in providing the large volt-ampere 
capacity the torque was kept up at the expense of the small 
time constant of the potential circuit rather than increase the 
impedance of the series coil, as doing the latter would be likely to 
disturb the condition of the circuit upon the introduction of the 
wattmeter. This would be undesirable, for it is a prime requi¬ 
site, as pointed out in the beginning, that the design be such that 
its errors can be readily computed for all conditions of load, etc., 
to be useful as a wattmeter on low power factors. 
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HOT WIRE INSTRUMENTS 

BY A. W. PIERCE AND M. E. TRESSLER 

In this paper we shall point out the special field for use of hot 
wire instruments, and support our statements by facts and figures 
drawn from long association with this particular type of instru¬ 
ment. 

There is a large gap between pivoted instruments of the dyna¬ 
mometer or moving iron type, and the sensitive reflecting 
dynamometer, voltmeter or ammeter. This gap can be reduced 
by the use of hot wire instruments. 

The lowest range pivoted voltmeter of the dynamometer 
type for use on alternating currents, with which we are familiar, 
requires 7.5 volts for full scale deflection, and has an appreciable 
frequency error even at 60 cycles per second, in addition to a 
temperature coefficient which 
must be taken into account 
in accurate measurements. 

The voltmeter scale shown 
in Fig. 1 was traced from one 
of several three-volt hot wire 
instruments which have been 
in use in a large testing department for several years. These in¬ 
struments have no temperature coefficient, and when made with a 
properly aged hot wire have a very small zero error due to changes 
in temperature of the instrument as a whole or in part. The 
inductance of the hot wire is practically zero, and the instruments 
give equally accurate indications on direct and alternating 
voltages at all frequencies lower than 500 cycles per second. 
These voltmeters can be relied upon within one-half scale divi¬ 
sion as low as 1.2 volts, as shown by the following check made 
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on direct current against a carefully calibrated laboratory stand¬ 
ard voltmeter: 

TABLE I 

Standard reads.. 3 2.8 2.6 2.4 2.2 

Instrument 

reads. 3.00 2.795 2.60 2.395 2.195 

These voltmeters can be used with suitable series resistance 
to measure higher voltages than three volts and require about 0.2 
ampere for full scale deflection. 

Hot wire ammeters can be made for a full scale range of 0.25 
ampere, which will indicate 0.1 ampere with an accuracy closer 
than 1 per cent. 

Fig. 2 shows a 
from one of these 
in actual use. 

0.25,0.5,0.75 

and 6-ampere instruments can F 2 * F 

be made which will take all of 

the current measured through the hot wire and are not affected 
by wave form, frequency below 500 cycles per second, or stray 
fields. The IR drop and I 2 R losses of these instruments will 
compare favorably with those of moving iron ammeters of 
corresponding ranges, as shown in Table II. 


scale traced ^ 

instruments _a ^ fi 

,1,1.5, 3, 5 


AMMETER 


•y-t. X 


2 

1.8 

1.0 

1 .4 

1.2 

2.00 

1.795 | 

1 1.00 

1 .40 

1,195 


TABLE II 

Capacity in amperes 

IR volts 

DR watt 


Iron vane ammeters 


5 

0.63 

8 .15 

2 

| 1.52 

8.04 

7 

9.34 

0.51 


Hot wire ammeters 


6 

0.25 

1,5 

5 

0.3 

1 , 5 

1.5 

1 

1.6 

1 

0.75 

0.75 

0.75 

1 

0.75 

0.5 

1.5 

0.75 

0.25 

3 

0.75 


Table III, which was copied from the calibration record of a 
hot wire ammeter adjusted for a series range of 0 .25 ampere with 
s unts for 0 5, 1, 2 and 4 amperes, gives a fair idea of what can 
leasonably be expected from such an instrument when carefully 
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used. These checks were taken on the one-ampere scale against 
a potentiometer and standard resistance. 

TABLE III 

The first line gives the settings of the standard; the dates and corresponding instrument 
readings follows. 


Date 

1.000 

0 

900 

0 

o 

o 

00 

0 

700 

0 

600 

0 

500 

0 

400 

0. 

300 

0 

200 

2- 

-25-11 

0.999 

0 

900 

0 

800 

0 

700 

0 

601 

0 

501 

o 

400 

0 

300 

0 

201 

3 

-18-11 

0.998 

0 

899 

0 

800 

0 

699 

0 

600 

0 

500 

0 

400 

0 

298 

0 

200 

4 

-7-11 

0.999 

0 

899 

0 

800 

0 

699 

0 

600 

0 

500 

0 

399 

0 

298 

0 

199 

ij 

-5-11 

0.997 

0 

898 

0 

798 

0 

699 

0 

599 

0 

500 

0 

399 

0 

298 

0 

200 


-3-11 

0.999 

0 

900 

0 

800 

0 

699 

0 

600 

0 

500 

0 

399 

0 

299 

0 

200 

7 

-13—11 

1.000 

0 

900 

0 

800 

0 

699 

0 

599 

0 

499 

0 

398 

0 

298 

0 

199 

s 

-4-11 

1.000 

0. 

.900 

0. 

800 

0, 

,700 

0 

.600 

0, 

.500 

0. 

.399 

0. 

.298 

0 

.199 

9 

-0-11 

1.000 

0, 

.901 

0. 

801 

; 0. 

.700 

0 

.600 

0 

.500 

0. 

.400 

0. 

,298 

0 

.199 

9 

-29-11 

1.000 

0 

.902 

0 

.802 

0 

.701 

0, 

.601 

0 

.501 

0. 

.400 

0. 

.299 

0 

.200 

10-25-11 

0.999 

0 

.900 i 

0, 

.801 

0 

.699 

0. 

.600 

0 

.500 

0. 

.399 

0. 

.298 



1 

1-25-11 

1.000 

0 

.900 

0 

.800 

0 

.700 

0 

.600 

0 

.500 

0. 

.399 

0, 

.298 



12-29-11 

0.999 

0 

.900 

0 

.800 

0 

.700 

0 

.600 

0 

.500 

0. 

.400 

0. 

.298 



2 

-1-12 

0.999 

0 

.900 

0 

.800 

0 

.700 

0 

.600 

0 

.500 

0 

.399 

0 

.298 



2 

-21-12 

1.000 

0 

.901 

0 

.801 

0 

.700 

0 

.600 

0 

.500 

0 

.400 

0 

.299 




For ranges higher than six amperes shunts can be used with 
the instruments, and currents as high as 2000 amperes have 
\ been measured in this way. A high range hot wire ammeter 

has an energy consumption greater than that of a good moving 
iron ammeter and current transformer. But it has the advan- 
[ tage over such a combination that it can be checked on direct 

ij current and used on alternating current of commercial frequencies 

j without any appreciable error. It costs less, is easier to read and 

manipulate than a Kelvin balance or Siemens dynamometer. 
It is therefore well suited for use as a working standard for the 
calibration of moving iron instruments and current transformers. 

Because of their very small inductance and capacity, hot wire 
I instruments are better suited for measuring high frequency 

currents than any coil instrument, particularly for currents 
which come within the six-ampere range of the self-contained 
|i instruments. Even where shunts have to be used, the errors 

i| caused by unequal distribution of current between the instrument 

jj and shunt on direct current and at high frequencies will be less 

iy than those caused by the self-inductance of series transformer 

and coil instruments. 

Conclusion. Hot wire instruments can be used to good advan¬ 
tage (1) in measuring small alternating currents and voltages; 
| (2) as general utility instruments for indiscriminate use on alter- 

t[ nating and direct current and for checking iron vane ammeters; 

|j (3) for measuring high-frequency currents where coil instni- 

S! ments would he useless. 













A paper presented at the 29th Annual Con¬ 
vention of the American Institute of Electrical. 
Engineers, Boston, Mass., June 28, 1912. 


Copyright, 1912. By A. I. E. E. 


RESONANT CIRCUIT FREQUENCY INDICATOR 


BY W. H. PRATT AND D. R. PRICE 


The object of this device is to supply a method for accurately 
measuring the frequency of a circuit, to give a large scale deflec¬ 
tion on the instrument for a small percentage change in frequency 
and to obtain readings which are accurate under all ordinary 
conditions of wave form, voltage variation and temperature. 

The electric circuit whose impedance is the most sensitive 
to a change in frequency is that circuit which contains inductance 
and capacity connected either in series or parallel; the degree of 
sensitiveness of such a circuit can be changed and varied through 
a wide range at the convenience of the designer. These two 
characteristics admirably adapt this circuit to the construction of 
a frequency indicator and indirectly to the construction of a 
speed indicator, provided that it can be applied in a practical 
form. 

Being extremely sensitive to a change of frequency it follows 
that it is also sensitive to a change in the constants of its own 
constituent parts (although in this case to a less degree, as will 
be shown) and the application of this circuit in a practical form 
for this reason presented some difficulties at first. 

The theory of resonance is of course well understood, but in 
practise certain limitations are presented which in some cases 
make it very difficult to approach theoretical values of current in 
a tuned or partially tuned circuit. Theory presupposes a perfect 
inductance, a perfect condenser, and a perfect resistance, when 
as a matter of fact a perfect inductance and a perfect condenser 
are never realized. By a perfect inductance is meant a circuit 
having inductance alone with no losses the same applies to a 
perfect condenser. 
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In order that the circuit be resonant or tuned, or partially 
tuned, the inductance and condenser must be of such a nature 
that the excess lines of force must be free to collapse as soon as 
the current flowing in them begins to diminish. On this charac¬ 
teristic the degree of success in tuning and the approach to 
theoretical values of current depend entirely. Numerous 
mechanical analogies of elastic and inelastic bodies will suggest 
themselves. 

It is possible to reach almost theoretical conditions and to 
obtain almost theoretical frequency impedance curves by using 
an air core inductance and an air dielectric condenser. Space 
limitations, however, place them entirely out of the question for 
use on instrument work. 

Owing to this limitation of space it is necessary to adopt an iron 
core inductance and a compact condenser with a solid dielectric 
of a specific inductive capacity somewhat greater than that of air. 
These two substances, iron and a solid dielectric, introduce losses 
and variations and other difficulties. An iron core inductance 
has the following faults: hysteresis loss, eddy current loss, mag¬ 
netization curve not a straight line, and the variation in form 
due to temperature and mechanical trouble. 

Of these the all-important one is hysteresis loss. Not only 
does this loss appear as an added resistance to the circuit, but it 
absolutely destroys all resonance if present beyond a certain 
degree; for if the lines of force which are once established in a 
circuit do not collapse when the source of current is withdrawn 
there can be no resonance whatever. This also will suggest 
mechanical analogies. It is then very important to keep down 
the hysteresis in the inductance element. On account of hystere¬ 
sis it was found impossible to tune a closed magnetic circuit 
inductance. 

The eddy current loss tends to lower the inductance of the 
circuit and acts as an added resistance. The amount of lower¬ 
ing of the inductance will have a temperature coefficient and for 
this reason the eddy currents should be kept as low as practicable. 
Howe\ er, the eddy currents do not affect the tuning, like hys¬ 
teresis, and this loss can be calibrated with the other parts of the 
circuit. The other variations due to the use of iron can be re¬ 
duced to a low value by proper designs. 

All the other troubles inherent to condensers can be overcome 
by proper design, so as not to affect this work, and all the other 
troubles met with in high-frequency tuning are not apparent in 
frequencies such as 60 cycles. 
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The constituent parts of the circuit were, therefore, designed 
as follows: 

The inductance was wound on a laminated iron core which had 
an air gap in its circuit, and the flux was kept low so as to be 
well below the saturation point. 

The condenser was made by the vacuum process, which 
insures a permanent high insulation, and low internal heating. 

It was designed to operate at a voltage well below the safe work- 

__ing voltage. The resistances 

were all zero temperature co¬ 
efficient metal. 

A standard instrument was 
used with the capacities, induct¬ 
ances and resistances in a sepa¬ 
rate box. This standard instru¬ 
ment was essentially a field and 
two' armatures set at an angle 
with each other and having a 
common diameter through which 
the shaft passed. 

The external box contained 
three separate circuits, each hav¬ 
ing an inductance, a capacity 
and a resistance in series. Two 
of these circuits were identical 
and the third was designed for a 
much smaller current carrying 
capacity, for a reason to be ex¬ 
plained. 

One of the main circuits was 
adjusted so as to be in resonance 
at about 70 cycles; the other 
main circuit was adjusted so as 
to be in resonance at about 58 
cycles. The third circuit was adjusted so as to be in resonance 
at about 36 'cycles. This last circuit was connected in parallel 
with the circuit adjusted to be in resonance at 58 cycles. The 
circuit adjusted at 70 cycles was connected to that armature coil 
on the instrument which tended to move the needle up. The 
other two circuits were connected to the armature which tended 
to make the needle move down. The armatures were in series 
with the field coil. 



L L 1 L 2 .-INDICATORS 
R R l R‘ ..RESISTANCES 

A A 1 _MOVING COIL OF INSTR. 

F_FIELD COIL OF INSTR. 

Fig. 1 
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The center of the scale was marked for 60 cycles, the left-hand 
end being 55 and the right-hand end 65. It was possible to get a 
6-inch (15-cm.) movement for a change in frequency from 55 to 
65 very easily, and it was also possible to get a 6-inch movement 
for a change in frequency from 60 to 61, on the same instrument. 
There appears to be almost no limit to the sensibility of this ar¬ 
rangement. The actual working of the apparatus is self-evi¬ 
dent and needs no explanation. 

When the frequency drops very low, for instance, 30 or so, the 
small auxiliary circuit supplies torque to prevent the needle from 
again going on the scale, due to the absence of torque from the 
main circuits, since both are far away from their resonant fre¬ 
quency. 

When made up in a practical form, this instrument exhibits only 
a trace of variation, due to wave form, voltage or temperature. 

The connections of the instrument are shown in Fig. 1. 
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Discussion on “ Induction Type Indicating Instruments 55 
(MacGahan), 

££ Compensating Wattmeters ” (Ellis), 

££ Hot Wire Instruments ” (Pierce and Tressler), and 
££ Resonant Circuit Frequency Indicator ' 5 (Pratt and 
Price), Boston, Mass., June 28, 1912. 

F. P. Cox: Taking up the paper on hot-wire instruments 
first, it seems to me that there are limits to the use of this 
instrument, and yet there are occasions and circumstances where 
this particular type of instrument is better suited than any other 
type. For the measurement of low voltages, and particularly 
for the measurement of circuits of high frequency, I think we 
must all agree that it has no peer. But beyond those particular 
fields, it seems to me that its usefulness is rather limited,, and 
limited, indeed, by the very reason that Mr. Pierce mentions, 
its high energy loss, which, for the 2000-ampere meter mentioned, 
for the voltage given would come to 600 watts, which would be 
quite out of all reason. I would also mention, not from my 
personal experience, but a statement that I. have very direct 
from some wireless people, that when you use it on the very high 
frequencies, it is desirable to use an air transformer rather than a 
shunt. I cannot give you any figures at all on that, but Mr. 
Price, who was with Fessenden, at Brant Rock, had very 
considerable experience with it, and strongly recommended the 
use of air transformers, in place of shunts, for high frequency. 

So far as maintaining accuracy is concerned, the table that is 
given in the paper leaves little to be desired in this or even in any 
other type of instrument. It is well within the limits you would 
normally expect to find in the calibration of an instrument over 
a period of years, but I do not feel that this instrument will ever 
have a field except for service under the conditions for which it is 
particularly suited. I do not think it can ££ come back. 55 That 
is almost too much to expect. 

In regard to the induction type of instrument, I feel that here, 
too, we have an instrument of exceedingly valuable character¬ 
istics for certain fields, but of decided limitations for other fields, 
which will prevent it from <£ coming back.’ 5 The long scale, 
which is inherent in the type, is a desirable feature, but we must 
not neglect to take into account that what we want to know is 
the current in the circuit, that if you can read an instrument 
beyond its limits of accuracy, or if you have an instrument which 
has an error greater than its reading capacity, you equally get 
into trouble. What you want is an instrument which will give 
you, so far as you can read it, the combination of being readable 
and possessing an accuracy which will give, the closest approxi¬ 
mation to the actual condition of the. circuit. The longer scale 
is characteristic, and in itself, if obtained without any sacrifice, 

is good. . t j 

In regard to the question of the light moving element, I do 
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not feel at all that a light moving element necessarily means a 
weak element. The small threads referred to are definite threads 
—it is all in proportion to the part you are using, and light 
weight does not mean that you necessarily have a weak part, 
or a part which is liable to be injured in operation and in service. 
It does mean that the average meterman cannot handle it. 
The delicate, light moving parts must be handled by human 
hands with great care and skill, and with much experience, but 
so far as their operation in the instrument is concerned, I do 
not feel that there is anything to be worried about in that respect; 
because the mass you are handling, the forces you are dealing 
with, are, after all, comparable with the lightness of weight which 
you have, and are not necessarily likely to give trouble. I fully 
agree that shielding is essential, that strong shielding, double 
shielding, is essential, where you can have it, and that the 
magnetic disturbances which you find in your circuit are the 
most important things to look out for. 

As to the black and white scale, I believe that is properly a 
question of illumination. For tunnel work, there can be no 
shadow of a doubt that the black scale with a white figure is 
superior. For other conditions of illumination that may not be 
true, and for certain conditions of illumination it certainly is not 
true, but after all you must adapt your scale to the conditions 
of illumination, and should not expect that the illustrations 
given m the paper will be a true representation of average 
conditions. There will be conditions of illumination where 
you will get that, and as Mr. MacGahan says, the camera may 
be more accurate than the eye, but you are putting up your 
instrument to be used in connection with the eye, and not to be 
used in connection with the camera. Therefore, it seems to me 
that we cannot say definitely that the white letter is better, or the 
ack letter is better, but there will be conditions of service 
where one will be superior and different conditions where the 
other will be definitely superior. 

Tim' Pratt: J-Tl 1 s r pe f k ? n the P a per by Mr. MacGahan. 
but fnr P fh 1S entl ^ led ^duchon Type Indicating Instruments, 

•+ mf * j 6 . most P art deals with the ammeter The 
switchboard instruments of particular importance are the 

v . okm ^ er and wattmeter, and their importance, I 
should say, is in the order of the voltmeter, the ammeter and the 
sToddf/’ that is, it.is absolutely certain thatX v< ^ 
should be accurate, it is essential that the ammeter be accurate 
so that you are sure you do not overload the machines and lines’ 
and the wattmeter is of little use unless it is accurate As I 
understand these various induction type instruments the 
ammeter is the most, easily susceptible ofgiving accuriev the 
voltmeter comes second to the ammeter, and it if Sdiffi^uUv 

ancf th f wattmet ® r 1S pade to perform its work. The perform^ 
ance of the indicating wattmeters, of course must not be 
confused «uth that of the rotating; watt-hour^ meti i„”hcf 
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there are automatic compensations coming in, which would make 
a remark of this character entirely inapplicable. I am sure that 
a light-weight moving element is to be trusted rather than a 
heavy-weight moving element, wdiere it is properly designed, 
because a greater amount of structural strength can be given to 
a light-weight than a heavy-weight element in proportion to the 
strains to which it will be subjected. 

Albert F. Ganz: I should like to confirm the statement made 
by the previous speaker to the effect that it is highly desirable 
to have the moving system in an electrical measuring instrument 
as light as possible, because this means a small moment of 
inertia requiring only a light damper, and also correspondingly 
small wear on the jeweled bearings. It is, of course, true, as 
already stated, that a light movement is much more difficult to 
repair by the ordinary meterman, but on the other hand an 
instrument with a very light movable system is much less likely 
to get out of order. In regard to the hot-wire instrument, I 
ask whether the instrument has a zero temperature coefficient, 
so that a series multiplier can be used with it having a constant 
multiplying factor. 

A. W. Pierce: It has. The hot wire used in the voltmeter 
has a zero temperature coefficient. 

It V. Magalhaes: I ask Mr. Pratt to mention the temperature 
coefficient of the instrument, and it would be interesting to know- 
if he has the figures, what the temperature coefficient is, and 
whether any attempt is made to compensate for temperature 
error. 

William J. Mowbray: Concerning the induction type of 
ammeter and the-black scale, I would like to say that the black 
scale was tried by me in the original experiment on the rotating 
watt-hour meter. This was used in cellars where the light is 
usually very poor, and we found it to be a fact that with very 
low illumination the black scale and white division showed up 
better, so that I believe for very low illumination the black scale 
is the better. 

I would ask Mr. MacGahan to tell us just how he gets rid of 
the temperature coefficient in his induction ammeter. We know 
that the aluminum moving element will change some 4 per cent 
in temperature for every 10 deg. cent, change in temperature, 
and still the curve shows very little error due to temperature, and 
I have no doubt Mr. MacGahan can explain to us simply just 
how he does it. 

A. L. Ellis: There are two or three points in the paper by 
Mr. MacGahan that have not been touched on by the speakers. 
One is in reference to the electrostatic disturbance. There is.no 
occasion for electrostatic disturbance,. because the moving 
system can be put at the same potential as the surrounding 
apparatus, and the only source of trouble would be static 
charges on the glass caused by rubbing the glass, and that 
certainly is not the thing to do, as it will affect the instrument. 
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A little further on in the paper the statement is made: “ Ex¬ 
perience and tests have shown that 15 grams maximum is a 
safe limit for horizontal shafts in V sapphire jewels, and that a 
ratio of torque to weight of 0.15 is a satisfactory minimum, when 
torque is expressed in centimeter-grams, and weight in grams, in 
the case of switchboard meters.” 1 would like to ask Mr. 
MacGahan what line of reasoning led to that conclusion? It 
would seem to me, from what experience I have had with jewels 
and pivots, that it is vital that the moving system be made just 
as light as possible. 

It is impossible to make a V pivot and bring it down to a 
theoretical point, so if we take a cross-section at the point of 
contact between the pivot and the jewel, the point of contact 
will not coincide with the' axis of the pivot, but will bear at a 
considerable radius from this axis, therefore, the pivot will roll 
in the jewel when the pointer is deflected up scale, the pivot 
rolling up hill. The action of gravity tending to roll the pivot 
down hill is in opposition to the torque oT the instrument and 
in the same direction as the torque of the con trol spring, tending 
to make the instrument read too low. If the instrument has been 
operating with considerable deflection and the current is reduced, 
the pointer tends to read too high for the same cause, as in this 
case the action of gravity acts in opposition to the torque of the 
control spring. This is a source of error difficult to reduce below 
an observable amount or even an objectionable amount, unless a 
very large ratio of torque to weight can be obtained. I think the 
error will be very pronounced even with the ratio mentioned of 
1.5 (in gram-millimeters). 

The moving system should be as light as possible, for, although 
you can make the pivot out of hard steel, glass-hard in tact, and 
can use a sapphire as a jewel, which is very hard, yet a moving 
system of but very few grains weight is sufficient to deform the 
pivot and sapphire jewel. The pivot may bo so hard and tough 
that it can be driven into a piece ol brass or a spring tempered 
steel scale, without distorting the regularity of its surface, but 
if this pivot formed the support for a moving system, as for 
instance the D’Arsonval type weighing only 1.5 grams, simply 
dropping it a few inches, will be sufficient to crush the steel pivot 
or to force the point to mushroom. The changed form of the 
pivot is substantially that of the jewel and, therefore, friction is 
increased to a noticeable amount, because a larger area is exposed 
to the jewel. 

Paul M. Lincoln: I am particularly interested in the paper on 
the resonant circuit frequency indicator, because some ten or 
twelve years ago I had an idea very similar to the one described. 
After I got the scheme pretty well worked out, a modification of 
the idea occurred to me depending on the same phenomenon, 
which seemed to me to be considerably better. That particular 
.scheme was described in a paper which I prepared for the 
Institute and presented about eleven years ago at the Buffalo 



I i>4 M 





1601 


electrical measurements 


[June 28 


of its popularity to the fact of this fine finish and its very splendid 
appearance. The other cause to which I ascribe its popularity 
is the fact that it is interchangeable, as between alternating 
current and direct current. That last feature has lost much of its 
importance in the last few years, due to the increased knowledge 
of the art of measuring alternating current. The fact that it 
is interchangeable between alternating current and direct current 
is not so important as it was some years ago, and on that account 
the hot-wire instrument had a certain lapse in favor which is 
now about at an end, and I believe there is a new lease of life, 
we might say, for the hot-wire instrument on account of the 
wireless telegraph which, of course, is growing very largely. 

In reading Mr. Pierce’s paper the thing that appeals to me is 
the marvellous accuracy which is obtained in the use of the hot 
wire instruments in Mr. Pierce’s hands, and I think I can state 
here, without danger of being accused of fulsomeness, that Mr. 
Pierce is a very skilful man in handling hot-wire instruments. 
People who read this paper will assume, naturally, that by the 
use of hot-wire instruments they will secure the same degree of 
accuracy which Mr. Pierce reports, or if they fail to do so, they 
will condemn the instrument. Hence the conclusions I draw are 
these: Where the hot wire instruments are used skilfully, by a 
skilful man, who is aware of the tricks of the hot-wire instru¬ 
ments, such a man will procure excellent results from them, 
whereas another man who is less skilful in their use will get into 
more or less difficulty with them, and will be disappointed in 
the results obtained. 

The question was brought up about the effect of the temper¬ 
ature coefficient in hot-wire instruments. We will take a volt¬ 
meter 0.03 in. in diameter, that is the smallest we can use. 
That wire is made with practically zero temperature coefficient, 
so the first thing is—the hot-wire instrument has a zero tem¬ 
perature coefficient^ But this point I will make, and it may be 
new—the hot-wire instrument, although it has no general tem¬ 
perature^ coefficient, has an apparent temperature coefficient 
that is of considerable magnitude, and can easily be determined.; 
that is to say, although the wire in itself has no temperature 
error, when you put a load on it, and heat the hot wire up to a 
point where it expands, it increases in resistance, and although 
the specific resistance of it is still the same, the apparent resist¬ 
ance changes, due, I believe, to a decrease in the cross-section 
of the hot wire, on account of the heating. For high voltages, 
150 volts, I call that high for hot wire, that is negligible on 
account of the considerable resistance in series with the hot 
wire, but as you drop down, and the series resistance becomes low 
in the hot-wire instrument, the errors increase in importance, 
and when you have a low-voltage instrument, five volts or three 
volts, the apparent temperature coefficient is something von 
have to take into account. 

^ Cox: There is a point which has a bearing, not only 
on the types of instrument under discussion, but also on the 
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general instrument problem, and that is where Mr. MacGahan 
mentions the desirability of opening the scale at the top. I 
do not agree with him, not only as that point is applicable to 
induction types of instruments, but to any instrument. You 
have control of the scale of distribution. An ammeter put upon 
the circuit of a generator must take care of overloads, and that is 
rated at 100 per cent in excess of the capacity of the generator, 
and normally is working much below one-half of that. Therefore, 
within a certain limit as we have the scale at our disposal, it 
seems to me, we should not spend too much of our scale length 
in getting wide open divisions at that portion of the load which 
the instrument rarely meets and only for very short periods. 
Therefore, it seems to me that the equi-crescent scale is more 
suited to this purpose, or a scale which closes slightly in the 
upper portions, and remains open in those portions where the 
instrument is used nine hundred and ninety-nine times out of 
a thousand. 

N. Monroe Hopkins: Are there any data on the weight in 
grams of the rotating member of the induction type meter as 
used? 

Paul MacGahan: Referring to Mr. Mowbray’s question: 
The method of compensating the ammeter for temperature 
changes is very simple. The windings consist, in fact, of a series 
transformer, wherein the secondary coil is wound on an electro¬ 
magnet, the primary coil wound right over same, and the pole- 
piece coils short-circuited across the secondary. As the tempera¬ 
ture of the aluminum drum increases its resistance increases, 
tending to reduce the torque in the ratio of the temperature 
coefficient of the aluminum. At the same time, however, the 
resistance of the secondary winding, which is partially or mostly 
copper, increases which is equivalent to introducing resistance in 
the secondary circuit of a series transformer, which of course 
increases the magnetic flux. The increased magnetic flux gives 
greater driving power, and exactly compensates for the increased 
resistance of the drum. This is explained, somewhat theoretic¬ 
ally, in the paper itself. 

As regards the relative accuracy of the voltmeter and the 
ammeter, it is true that the ammeter has a greater accuracy than 
is possible with the voltmeter. This is at the same time true 
with all other principles of operation, so that it cannot be said to 
be exclusively a feature of the induction meter. 

With regard to the errors of the wattmeters, the wattmeters 
as developed have temperature and frequency errors closely 
approximating those of the voltmeter and the ammeter. As 
stated by Mr. Pratt, accuracy of slightly lower order than of the. 
ammeters or voltmeters is permissible in a switchboard watt¬ 
meter. 

Messrs. Pratt, Ellis and Cox express themselves very much in 
favor of a very light weight moving element for indicating meters. 
In this I concur, only provided the lightness is not obtained at a 


1006 


ELECTRICAL MEASUREMENTS 


[June 28 


sacrifice of torque ratio and staunchness. As a comparison it 
may be pointed out that in a-c. watt-hour meter practise certain 
manufacturers have greatly favored a movement of 30 grams 
weight rather than one of 15 grams and have argued that the 
increased torque obtained thereby is an advantage. If a weight of 
30 grams upon one jewel is considered satisfactory by them, for 
watt-hour meters, should not they consider a weight of 10 grams 
distributed between two jewels satisfactory in every respect for 
an indicating instrument? The average of three makes of 
moving iron instruments made in this country and abroad, 
shows a weight of two grams for the movement, with a torque 
of Vio centimeter-gram; the induction type movement described 
by me weighs 10 grams, with a torque 28 times as great, which 
shows quite a predominance in favor of the induction type, with 
regard to ratio of torque to weight. 

It has been pointed out on one or two occasions, that the 
weight , acting upon the theoretical point of contact on the jewel, 
results in a pressure of several hundred thousand pounds per 
square inch. This is surely an academic point, otherwise the 
jewel would give way on the slightest impact. As a matter of 
fact the bearings operate very satisfactorily. 

As regards scale length in switchboard indicating instruments, 
the readability of the scale should be of a higher order of accuracy 
than that of the meter element itself. This is on account of the 
fact that readings are often required to be taken hurriedly from 
a distance, and thus the condition is different from that obtaining 
in portable instruments, where a close observation may be made 
and thus a scale no more accurate than the inherent accuracy of 
the mechanism, is permissible. 

W. H. Pratt: There was a question asked as to temperature 
errors in the frequency indicator which I described, and I may 
say that there are three elements in this device whose tempera¬ 
ture coefficients must be considered. There are the condensers, the 
reactances and the resistances, besides the mechanical parts. 
It is easily possible to make the mechanical structure so that 
there are no temperature errors introduced thereby. The 
errors due to change in resistance can be reduced to negligible 
quantities, because* the resistance does not come in as a large 
factor, and what there is of it can be made to have a low tem¬ 
perature coefficient. The reactance can also be made to have an 
entirely negligible temperature coefficient, and by properly 
designing the condensers these also can be made to have zero 
temperature coefficient so that the instrument, as stated, has a 
temperature coefficient that is almost exactly zero. It is extremely 
small. J 

A. W. Pierce: The question has been asked whether the 
voltmeter has a zero temperature coefficient. The voltmeter 
has a small temperature coefficient, but any slight alteration in 
resistance that may arise, or any other change of drop in the 
wire, is taken care of in the method of calibration, and automatic¬ 
ally corrects itself when the instrument is calibrated. 
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poor design or workmanship, as both were excellent, but rather 
to the relative!}' tremendous overload torque inherent in the 

rotating field principle. 

PaulMcGahan (by letter): Referring to Mr. John Gilmar- 
t:n s communication after adjournment, the effect of overload 
-pon the pointers of induction meters is more severe than in 
otner types, due to the increase in torque, but the movements 
can be made strong enough to withstand it. 

Although trouble^ as stated appeared in certain cases, this can 
oe said to be part of the development of the type, for the matter 
r.as^ neer. satistactorily corrected. The ammeters described will 
withstand fitteen times full load current thrown on repeatedly 
witnout damage in fact, the coils will burn out on overload 
before the pointer or other parts of the movement become 
damaged. _ This, compares very favorably with the overload 
capacity of moving iron or moving coil meters. Although it is 
,rue that in moving iron vane instruments, the iron moves to a 
position parallel to the lines of force through the coil, this takes 
inace only alter an appreciable length of time, as the meters have 
mertm and damping.. The overload effect takes place instantly 
wane the iron is still in its position of maximum torque and thus 
. ? result is that an enormous torque is developed, the same as in 
induction instruments. 

^ erce letter): The statement that hot wire volt- 
no temperature coefficient w r as made on the strength 
01 te&ts Illa( % some years ago, records of which have not been 
preserved. Since presenting the paper we have made a careful 
.est on a hot wire voltmeter, with the following results: 


Amperes through instrument 

0,0009202 

0.01536 

0.01530 

0.04527 

0.1044 

0.1515 

0.1774 

0.1S61 

0.1970 


Volts at terminals 

0.01403 

0.2343 

0.2348 

0.6904 

1.5937 

2.303 

2.7292 

2.8430 

3.0093 


Ohms resistance 


JSSS 1 " ” 1ade With Stanll, * rd resistances 

5 erminals of ghe instrument were measured by the 
same potentiometer used for the current 7 

SEE^ErnE”'*"' '" hile read “ 8 “-i -oltagl 

d eteetable'defiecdon' of The ToltmeteTfeeXliV VT‘ 
scSeflecdo? htly mOTe than that required to producedfuU 
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PERMEABILITY MEASUREMENTS WITH 
ALTERNATING CURRENT 


BY L. T. ROBINSON AND J. D. BALL 


Ill testing samples of sheet iron to determine whether or not 
the material is suitable for the specific purpose for which if is 
intended, it is desirable to know the core loss in a unit volume 
of the material. The total core loss obtained may be separated 
by well-known means into hysteresis and eddy losses or the total 
core loss without separation may be used as a measure of the 
quality of the material. 

In designing apparatus it is also necessary to know with some 
degree of accuracy the permeability of the material. 

Accurate measurements of permeability may be obtained by 
various methods, and approximate methods of practical value 
have been employed in which the ballistic galvanometer is not 
used, but for the most part these methods require that the sample 
under test be put through the permeability tests on direct cur¬ 
rent. 

It is desirable to find means to measure permeability with 
accuracy and speed comparable with core loss measurements, and 
as core loss measurements are made on alternating current, a 
method using the same current supply as that used in making 
this test is sought. 

The present paper deals with the general relations between max¬ 
imum flux density, maximum exciting current and magnetizing 
current.(1)* The method has not been completely developed 
to deal with samples in the form of bundles of strips. The 
preliminary work referred to was confined to ring samples, but 
the general principles involved may be used later in dealing with 
samples of standard form. (2)* 

*See references (l) and (2) at end of paper, 
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In a sample of iron magnetized by an alternating current 
the maximum magnetizing current occurs quite obviously at 
the point of maximum flux, which is the point of zero induced 
voltage. The total primary current, however, contains eddy com¬ 
ponents which may include currents for supplying instruments, 
e.g., a voltmeter for measuring the magnetic density, connected 
to a secondary winding, as well as eddy currents in the iron. 

We will write I m for the maximum magnetizing current. 

Ie for the maximum exciting or total current. 

1™ for the maximum eddy current, including 
any currents in the secondary. 
i, n , i e andi,„ will be used to represent the instan¬ 
taneous values of the above quantities. 

For the present only sam¬ 
ples will be considered in 
which the laminations are 
thin enough so that appreci¬ 
able “ screening ’’ docs not 
occur. The eddy current i m 
may be considered to be 
exactly in phase with the in¬ 
duced voltage and therefore 
to pass through zero when 
the magnetizing current is at 
a maximum. 

Therefore the instantaneous 
value of the; primary current 
ie. which occurs at the instant 
that the induced e.m.f. passes 
through zero represents /,„, 
the magnetizing current to be used in plotting the B-II curve. 

B may be directly determined by voltmeter if sine wave of 
. e.m.f. is employed and wave distortion does not occur in the 
apparatus. The distortion of secondary e.m.f. wave has been 
carefully considered in connection with the commercial ap¬ 
paratus already referred to and need not be discussed here. 

Under some conditions the maximum magnetizing current 
very closely coincides with the maximum total primary current. 
The condition of coincidence will occur when the sinusoidal 
eddy and secondary component of the total primary distorted 
wave does not at any point exceed the difference between the 
magnetizing current at that point and the maximum magnetizing 
current. 
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While this relation is somewhat difficult to express concisely 
with words or symbols it is very quickly shown by reference to 
the figures and oscillograms which follow. 

Fig. 1 shows an induced e.m.f. wave, a magnetizing current 
wave i m derived from a Itysteresis loop and an assumed energy 
wave i w in phase with the induced e.m.f. A wave of total 
current i e derived from the magnetizing and eddy waves is 
also shown. It will be seen from this figure that I e is identical 
with I m because the eddy current is at no point greater than the 
difference between i m and I m . 

Fig. 2 is the same as Fig. 1, except that the eddy current has 
been assumed to be larger and in consequence the exciting current 

is larger. In this assumed case 
it is seen that I e is greater than 
I m and the assumption that 
they are alike would lead to an 
error of about 12 per cent. 

Figs. 3 to 7 inclusive are 
records of current and in¬ 
duced e.m.f. at various induc¬ 
tions. The sample, of high- 
resistance iron 0.014-in. (0.035 
cm.) thick, weighing about 22 
lb. (10 kg.), was selected be¬ 
cause several careful ballistic 
determinations for permeabil¬ 
ity and hysteresis had been 
made on the sample in connec¬ 
tion with some earlier work. 

Perpendiculars have been drawn'from the point of zero voltage 
intercepting the exciting current curve at the point of maximum 
magnetizing current. From these and similar records the as¬ 
sumption for this sample that I e = J m is in error by the following 
percentages: 60 ~ 25- 

B per cent error 

14,150 0 

12,140 0 

10,075 2.5 

8,315 2.52 

5,000 1.8 

2,861 1.77 

2,020 1.41 

999 0.78 



Fig. 2 


per cent error 
0 
0 
0 

0.81 

0.64 

0.53 

1 41 
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In order to show the relationship more fully, the current and 
voltage of Fig. 4, B = 10,075, 60~, are plotted together with the 
magnetizing current wave derived from its hysteresis loop, Fig. 8. 
Subtracting the values of i m from i e and plotting the differences 
gives, as expected, a wave in phase with the induced e.m.f. and 
of form approximately sinusoidal. 

Taking the effective value of this wave and of the voltage 
\\ a\ e we obtain a value for the watts loss, which was found to 
a §> re e closely with the watts consumed in the voltmeter plus 
the eddy current loss as determined by separation tests. The 



Fig. 8—Same Sample as Fig. 3. 

Curves for e and 4 taken from Pig. 4. Curve for i m derived 
■From Hysteresis Loop (Ballistic). 

Points marked X on i w curve are derived from i m and i e . Points marked 0 are for sine wave. 

loss on the oscillograph circuit was included with the voltmeter 
loss. In order to reduce this loss as much as possible the os¬ 
cillograph vibrator used for taking the voltage wave was con¬ 
nected to a separate winding having two to four turns and a 
very small resistance was included in the vibrator circuit. 
Oscillograms for all densities given in the preceding table were 

taken both at 60 ~ and 25 ~ but only representative ones are 
shown. 

The accuracy of these results was tested by determining B-H 
curves in the usual manner with ballistic galvanometer and the 
general agreement between the results is shown in Pig. 9. The 
agreement is not what could be considered entirely satisfactory, 
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Primary current wave (lower curve) and secondary induced e.m.f. (upper curve) on 
22-lb. ring of 0.014-in. iron at 00 cycles per sec. Voltmeter resistance 1800 ohms—Induced 
voltage 116.5 —B maximum 14,150, / m 5.27, I e 5.27, H = 14.G3. 
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as final values, but is sufficient to establish the fact that the 
preceding general conclusions are substantially true. 

There remains to be determined by convenient means the 
value of I e . The taking of an oscillogram for each induction 
is prohibitive in practical work, therefore tests were made 
with the oscillograph by observing for each induction the 
width of the band of light coming from the vibrator -which was 
connected into the current circuit. The width of this beam 
corrected for the width of the spot as observed in the zero position 
is a measure of twice the maximum exciting current, which is 



Fm. 9 —Showing B-H and Permeability Curves. 
Same Sample as Fig. 3. 

X — 60 cycles per sec.; 0—25 cycles per sec.; o = direct current. 


cvnliicLtGd by means of a d-c. calibiation of the vibrator. Ad- 
ditional tests, similar to Fig. 9, were made on similar material, 
observing the width of the beam, and better results were obtained 
(see Fig. 10) than those found on the sample of Fig. 9, which.was 
shown because waves and ballistic loops were available on this 
sample. A sample of low-resistance unalloyed iron was tested, 
showing a-c. and d-c. results not in good agreement between 
B = 4000 and B = 10,000. This would be expected in a sample 
having high permeability accompanied by relatively large eddy 
loss. 
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Conclusions 

The measurement of maximum current (/,.) by elementary 
oscillograph, observing the width of the beam, is satisfactory 
and furnishes a convenient and fairly accurate means for deter¬ 
mining the values in any work where the maximum rather than 
the average or effective value of a current or voltage is required. 

The assumption that I e represents I my in all cases, is not war¬ 
ranted, due to the causes explained, and further investigation is 
required before the limits of thickness of lamination, permea¬ 
bility, relative eddy loss, shape of hysteresis loop, etc., which 
can be successfully handled, are definitcl ydetermined. The 
samples experimented on, particularly Fig. 10, were, by reason 

l L “ ''' H 



Fig. 10 —Showing B-II and Permeability Curves, Same Data 
as Fig. 9, on a Different Sample. 

of relatively high hysteresis loss, low eddy current and medium 
permeability, well suited to obtaining good results by the method 
used, although the oscillograms show that the total primary 
current tends to reach a maximum in excess of the maximum 
magnetizing current. 

The investigations will be continued in the hope of finding 
that the limits of practical application are not too narrow to be 
of value. 

References 

1. During the progress of this work some results of a similar 
investigation were published under the title “ A Method of 
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Measuring Permeability hv M«-ans uf ASimiatbig t’urrenls ” by 
R Beattie, D. Sc., and II. (lerrani. M- S<-., Electrician (London), 
Voi. lx Vi 11, No. 11 , pp. •»:«.; n.v, 22 , nut, 

A very interesting nu*lhod is there presented for determining 
the maximtim primary current by measuring the waft loss in 
a small iron core which has been calibrated previ<nislv and whose* 
primary winding is included in series with the exciting winding 
of the sample 1 to he tested. 

The fact that the maximum primary eurivnt may not always 
represent the maximum magnet him; current is not referred to 
in the article, and the authors of the ore: eu! paper believe that 
the determination of maximum current he observing tin* width 
of band on the* elementary oscillograph i. iieiv convenient t han 
the method proposed by Me: i , Heafiir and i ierrard. The 
fact referred to in a font, note by licatitr ami ( lerrard that /#-// 
curves on alternat ing current lie below ih«*. eof direct current may 
be accounted for in part by the fact that secondary and eddy 
current may mist* the maximum ot the exciting curreui and con¬ 
sequently cause ton large // value >»» hr plotted *»n alternating 
current. 

2. The standard sample accord it a: to the apeeilieat.tons of the 
American Society for Testing Material-, r- the -amt* as that used 
in the Epstein apparatus, viz. ah hv A mr I lh 1 I Id hy l H/lti 
in.) weighing 10 kg. f 22 lie) and divided into a»ur equal bundles. 
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MEASUREMENTS OF MAXIMUM VALUES IN HIGH- 
VOLTAGE TESTING 


BY C. H. SHARP AND F. M. FARMER 


The breakdown strength of insulating materials is measured by 
the maximum voltage which they will withstand under given 
conditions. . Tesbs are ordinarily made on alternating voltages, 
and the measurement of the maximum voltage is effected by 
indirect rather than direct means; that is, by measuring the 
virtual value of the voltage on either the primary or the sec¬ 
ondary of the transformer and arriving at the maximum value 
by using a measured or assumed value of the peak-factor* of the 
wave. It is unfortunately true that this peak-factor is more 
often assumed than measured, and no doubt many tests of dielec¬ 
tric strength are inaccurate because of unsuspected changes 
in the wave-form produced by conditions of the test. Only 
in the spark-gap has an apparatus been available whereby a 
measure of the actual maximum value of the high voltage could 
be obtained. The spark-gap is however, a most uncertain 
piece of apparatus, the vagaries in the behavior of which have 
by no means been accounted for. Installed according to the 
Standardization Rules of the Institute, a spark-gap for measur¬ 
ing 250,000 volts requires a space such that no “ extraneous'’ 
body comes nearer than 4 ft. 3 in. (129.4 cm.); that is, a clear 
space or room 8| by 8| by 8§ feet (259 cm.) is required. In view 
of this requirement, the’spark-gap is a very large and cumber¬ 
some, as well as uncertain and unsatisfactory apparatus. 

The arrangement here described is designed to give readings 
on a voltmeter of the maximum value of a high-voltage, wave. 

* The term “peak-factor” is used for the ratio of the maximum voltage 
of the wave to the virtual voltage. 
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The scheme is shown in Fig. 1. A series of condensers C, serv¬ 
ing as a voltage divider, is connected across tire high-voltage 
line or from one side of the high-voltage line to ground, if the 
transformer secondary is grounded. In parallel to the con¬ 
denser Ci, which is grounded, is connected a rectifier or 
commutator R driven by a synchronous motor, the rectifier be¬ 
ing connected in turn to an electrostatic voltmeter V. The 
commutator is adjusted to make instantaneous contact between 
the condenser and the voltmeter at the peaks of the waves. The 
voltmeter thus becomes charged to a potential corresponding to 
the maximum of the voltage waves and indicates this value. In¬ 
asmuch as the voltmeter is always charged in the same direc¬ 
tion, it i caches its maximum charge after a few contacts of the 
brushes and after that draws no charging current from the con¬ 
denser with which it is in parallel, except such as is necessary to 
supply leakage loss and to change the potential of the ungrounded 
side of the voltmeter with respect 


to the earth. Both of these 
charges should be relatively 
small. Hence the capacity of the 
electrostatic voltmeter does not 
change the multiplying ratio of 
the train of condensers, which is 
equal to the ratio of the capacity 
of the end condenser to that of 
the entire train, and the absolute 
value 

has no influence, 
capacity should not be too small. 



Fie, I 


\JL Ktl 




Of course for practical reasons the absoli 


1 he calibration of the arrangement may bo carried out in two 
different ways, both of which assume that the virtual value of 
the high voltage can be measured. 

Method 1. The synchronous motor is stopped in such a posi¬ 
tion that the brushes arc making contact. Then the electro¬ 
static voltmeter indicates a value proportional to the virtual 
value. By comparing this value with the known high-tension 
voltage a calibration of the arrangement in volts, high tension, 
is obtained. The calibration is not, however, exactly the same 
for volts maximum unless the capacity of the voltmeter is negli¬ 
gible in comparison with that of the condenser with which it is 
in parallel. Otherwise, when connected permanently in parallel 
with the end condenser, it alters the multiplying ratio of the 
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train, which, as explained above, is not the case in measuring 
maximum volts. By properly proportioning the condensers, 
the capacity of the condenser may be many times that of the volt¬ 
meter, and this method may be used, or in any case where the 
capacity of the voltmeter is known, a correction corresponding 
thereto may be applied. 

Method 2. The position of the contact brushes may be shifted 
and their positions read on a graduated disk. By 
shifting these brushes to different positions and taking corre¬ 
sponding readings of the voltmeter, data may be obtained for 
plotting a wave-form curve. By finding the r.m.s. ordinate of 
the curve and comparing it with the value in volts of the virtual 
voltage applied to the series of condensers, the multiplying power 
of the condensers is determined. This method of calibrating 
makes no assumptions as to the capacities and other properties 
of the condensers. 

When once the calibration has been carried out, the electro¬ 
static voltmeter may be graduated to read directly values of 
high-tension volts; with the brushes set to the right position, the 
apparatus reads the maximum voltage used in a breakdown 
test. 

The actual apparatus constructed and used in applying the 
above method is as follows: 

The condenser train (Fig. 2) consists of 21 glass plates 9 by 9 in. 
(23 cm.) coated on each side with tin-foil 5 by 5 in. (13 cm.) and 
having a capacity of about 0.0006 microfarad each. These 
are supported on a rack of dried hardwood impregnated with oil 
and are immersed in a metal tank filled with transformer oil. 
The tank is grounded and serves to prevent variations in the 
capacity of the condensers due to changes in outside conditions. 
The oil is required to prevent corona discharge at high tension and 
leakage due to dirt, moisture, etc., on the plates, either of which 
would cause a change in the impedance and introduce an error. 

Since the electrostatic voltmeter has a comparatively short 
useful working range, the train needs to have a variety of mul¬ 
tiplying ratios. For this reason a subdivided mica condenser 
is used as the grounded condenser, the one to which the volt¬ 
meter is connected. This condenser can be adjusted to give 
any required multiplying ratio. It need not be placed in the oil 
tank. 

The commutator (Fig. 3) consists of a disk of hard rubber 
into which thin brass contactors are set in such a way that they 
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strike the brushes. The brushes must not touch the rubber sur¬ 
face, for if they do they are liable to get a difference of potential 
through difference in friction, and to affect the voltmeter read¬ 
ing. The brush-holder is adjustable and its position can be 
read on a divided circle. A slow-motion tangent screw is pro¬ 
vided for adjusting the position of the brushes accurately to the 
peak of the wave. The commutator is driven through an in¬ 
sulating coupling by a small synchronous motor. A Kelvin 
multicellular electrostatic voltmeter is used, fitted with a mirror 
and scale for exact reading. This is surrounded by a grounded 
electrostatic shield. The capacity of this voltmeter is very low, 
being approximately 0.00007 microfarad. 



Fig. 4 


This apparatus has been tested on a transformer .rated at 
50 kv-a., 250,000 volts, having the middle point of the secondary 
grounded. The condenser train was connected from one leg 
of the transformer to earth and thus was affected by one-half 
the total voltage. Calibrations were made by both methods 
given and the results were concordant with each other on a 
smooth wave form, nearly sinusoidal, and on a badly distorted 
wave; also on frequencies of 25 and 60 cycles per second. During 
the tests, which are not as yet completed, voltages as high as 
140,000 volts, peak value, have been impressed on the apparatus. 

The wave-forms and peak-factors as found with this apparatus 
were checked by tracing the wave-form by the standard in¬ 
stantaneous contact method and also by the oscillograph. 
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With the smooth wave (Fig. 4) of the 25-cycle current, the 
peak-factor as found by the standard method was 1.50; as found 
from the wave-form traced with this apparatus it was 1.51; 



as found from maximum and virtual voltage readings of the 
electrostatic voltmeter it was 1.52. 

With the distorted wave (Fig. 5) difficulty was encountered 



in tracing the form by the electrostatic voltmeter. This arose from 
the fact that the readings of the voltmeter, being proportional 
to the square of the voltage, become very small at low voltages, 
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and from the further fact that the instrument gives no indication 
of a change of polarity. Hence it was practically impossible 
to say, from readings of the voltmeter, on which side of the zero 
line the additional loops of this wave lay. To apply this method, 
therefore, to a wave which is badly distorted near the zero value 
would require more delicate means for measuring voltages. 

The peak-factor of this wave as determined by the standard 
methods was 2.00; as determined from maximum and virtual 
voltage readings on the electrostatic voltmeter it was 2.00; rf so 
that this simple method of calibrating held even in this extreme 
case. 

With the 60-cycle smooth wave (Fig. 6) the wave-form by 
the standard method gave a peak factor of 1 . 354 ; the voltmeter 
wave-form gave 1.36 and the maximum and virtual voltage 
readings gave 1.36 8 . 

The agreement of the results of the different method is suffi¬ 
ciently close for work of this character. There seems therefore 
to be no difficulty in calibrating the apparatus to give either 
maximum or virtual volts of the high-voltage line. The use of 
this apparatus should relieve high-voltage tests of the uncertainty 
as to the actual maximum voltage which is being applied. The 
elimination of guess-work as to this fundamental quantity can¬ 
not fail to give more satisfactory results in this important class 
of testing. 

It may. be noted that if the testing transformer has low-volt¬ 
age measuring taps from the high-voltage winding, the com¬ 
mutator and voltmeter may be used directly without the con¬ 
denser train. The change in range of the voltmeter cannot 
then be effected so easily, but considerable complication is 
avoided. 

The above work has been performed at the Electrical Testing 
Laboratories with a view to realizing improvements in the 
accuracy of testing. The writers desire to express their high ap¬ 
preciation of the very efficient and enthusiastic assistance of 
Mr. E. D. Doyle in carrying out the experimental work. 
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Discussion on 11 Permeability Measurements with Alter¬ 
nating Current ” (Robinson and Ball), and “ Meas- 
UREMENTS OE MAXIMUM VALUES IN HlGH-VoLTAGE TeST- 
1912 ^ Sharp and ^rmer), Boston, Mass., June 28, 

E. D. Doyle: As has been suggested in the paper by Messrs. 
2“P, a £ d Farmer, the electrostatic voltmeter should have 
]® ak Mf e 1 ° s ? es ;, . If th ® voltmeter has low insulation resist¬ 
ance, it will not hold its charge but will discharge according to 
the exponential law 5 

« = C ifrc 


where is initial voltage, 

e is the voltage at time /, 
c the capacity of the voltmeter 
and r the resistance of the leakage path. 



Fig. 1a 


Hence the voltmeter will not indicate the maximum voltage, 
but one depending on the root-mean-square charge on the 
voltmeter between times of contact. 

The effect of leakage can be largely eliminated by connecting 
a large condenser in shunt across the voltmeter terminals. 
The condenser acts as a storage reservoir and takes a large 
enough charge during the instant of contact to supply the leakage 
losses during the remainder of the cycle without an appreciable 
fall in potential. 

A double-pole, double-throw switch connected as shown in 
Fig ; 1a allows the condenser in shunt to be used for maximum 
indications and to be cut out for virtual indications. This 
arrangement has the further advantage of enabling all readings 
to be taken without stopping the synchronous motor. 

In order to show the effect of the condenser in shunt, tests 
were made on a given voltage wave with various artificial leakage 
paths between the voltmeter terminals. The results were as 
follows: 
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Leakage path— 
megohms 

Shunting condenser 
microfarads 

Peak factor 

16,000 

none 

0.87 

1,000,000 

u 

1.35 

50 

0.1 

1.35 

1,000,000 

0.1 

1.35 


From the above it can be seen that with a 0.1-microfarad 
condenser in shunt the resistance of the leakage path may be 
as low as 50 megohms without causing trouble, whereas opera¬ 
tion is impossible without the shunting condenser if it is 16,000 
megohms. The insulation resistance of the voltmeter was 
originally 8,000,000 megohms but has fallen to approximately 
1,000,000 megohms. However, with the capacity in shunt, 
little trouble is anticipated from surface leakage. 

The operation of the apparatus is now very satisfactory. 
The voltmeter is nearly dead beat and readings can be taken 
rapidly. Unless the voltage wave is very peaked, brushes do 
not need to be shifted until the voltage has passed through a 
wide range. The apparatus should be very useful in high-voltage 
tests. 

M. G. Lloyd: A method for determining permeability by 
alternating current seems very important. I am glad to see a 
method proposed for doing that. Of course, methods have 
already been proposed along that line, but cannot be regarded 
as entirely satisfactory. In many cases, no doubt, the designer 
would prefer to have the Value of the exciting current rather 
than the permeability curve, to use in designing; in other cases 
it is valuable to know the actual permeability at each value of 
flux density. This paper by Messrs. Robinson and Ball seems 
to indicate a way in which they may eventually be combined, 
at least in certain cases. 

I think it is necessary, however, to bear the limitations very 
strongly in mind. It is shown, in the first place, that the maximum 
exciting current does not correspond to the magnetizing current 
which gives the maximum flux. This is brought out in the curves 
of the paper, and can be illustrated very well, if the hysteresis 
curve, or perhaps more properly, an energy-loss curve, is 
plotted in cases where there are eddy currents or energy supplied 
to secondary circuits. In some curves that I deter mi ned some 
time ago under such conditions* the difference from the static 
hysteresis curve was brought out in a very pronounced way. 
When the static curve is determined for hysteresis, it is found 
to go up to a sharp point at the comer of the loop. On the other 
hand, if the curve is determined with alternating current, and 
with the existence of eddy currents, that comer becomes rounded 
of, showing in a very marked way that the maximum exciting 

* Bulletin of Bureau of Standards, V, page 402; 1908. 
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current does not correspond with the maximum flux-density. 
The oscillographic curves in this paper bring out the same thing. 
Some of the limitations have been expressed by the authors. 
One of them which is emphasized, is that the specimen must be 
thin enough to avoid magnetic screening. Another one, which 
is perhaps not emphasized enough, although it is definitely 
stated, is that the assumption is made that the eddy currents 
are in phase with the e.m.f. which produces them. Now, as a 
matter of fact, that is not generally true, and, of course, the 
more prominent the eddy currents become, the greater the effect 
which would be occasioned by the fact that the assumption is 
not entirely warranted. So that this method, while it may prove 
to be practicable in certain cases, is likely to be very limited 
in its application. 

We have been in the habit of thinking of the oscillograph as 
an instrument for simply drawing curves of wave form. In one 
of the papers presented at the Boston convention, by Professor 
Harding, we saw r how it could be used in making measurements 
of other quantities than wave form, and here we have an instance 
of its use in measuring the maximum value of a quantity, and in 
a case like this the maximum value can be determined without 
actually drawing the curve, merely observing the deflection 
on the oscillograph scale. It occurs to me that in the case of 
maximum voltage, as in the paper presented by Dr. Sharp and 
Mr. Farmer, it might prove a very convenient means of getting 
the maximum value. I do not think it would have the accuracy 
of the method presented by them, but in cases where the highest 
accuracy is not needed, and the oscillograph is sufficiently accur¬ 
ate, my experience with rotating commutators would indicate 
that it might be a much more satisfactory method for doing 
rapid work. 

Clayton H. Sharp: I wish to point out the difference that 
the method I have referred to is one which requires no current. 
I do not know how you can use the oscillograph without consum¬ 
ing current. The electrostatic voltmeter, once charged, stays 
charged. There is the difference between it and the oscillograph, 
and it is a fundamental difference. 

As to the rotating commutator not being satisfactory, the same 
statement applies—the poorest kind of contact is sufficient, 
because it is only a question of charging the condenser. Not 
only that, but the use of an actual voltmeter rather than an 
oscillograph is obviously a desirable thing. 

T. W. Varley : What percentage of your contact is the width 
of the contact relative to the width of the sign? How much of 
the contact do you lose? 

Clayton Sharp : Probably not over one per cent. It is very 
narrow. 

L. T. Robinson : I was much interested in the term used in 
Dr. Sharp’s paper, “ peak-factor.” It seems to me to be a very 
good one, but I think it is new. We have used the term “ ampli¬ 
tude-factor ” that was coined some years ago by Dr. Fleming, 
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which, if I understand correctly, is the reciprocal of this term, 
and previous to the use of the term “ peak-factor,” we have had 
employed in some English publications the term “ crest-factor.” 
I like “ peak-factor ” better because it is quite commonly 
stated when things happen to the wave that the wave becomes 
peaked, and the fact of its becoming peaked could be, I think, 
property expressed as “ peak-factor.” 

It was intended to point out in Mr. Balks paper, with which 
I had some slight connection, that this method never can be 
exactly right, but we were dealing with practical matters entirety, 
that is, there was no intention to enter into it from the stand¬ 
point of exact theory. 

With reference to the eddy currents being out of phase, the 
best we could figure out along that line was that if there were 
appreciable screening the eddy current would be out of phase. 
If there were not, it would be in phase. If there is appreciable 
screening the method gives incorrect values, because the magnetic 
density determined by the voltage on the secondary winding 
would indicate the average value over the sheet. The average 
value, so determined, would not be the uniformly distributed 
induction through the sheet, which must of necessity be known 
in order to plot correctly the B values against the maximum 
magnetizing current. 

The intention of the paper was not to speak of the advantages 
and wide scope of the method, but to call attention to the fact 
that even in the cases shown, which seem to be the most favor¬ 
able kind of samples, that is, samples of iron with low eddy 
loss, very low indeed, and thin sheets, etc., there is found a 
tendency of the maximum primary current to exceed the mag¬ 
netizing current which should be plotted in connection with the 
B-H curve. At least, the total current had a definite tendency 
to be so large at maximum as to exceed the magnetizing current, 
but at the same time the difference was not so large but that it 
still looked a little hopeful to us. 

Elihu Thomson: I would like to say a word about the term 
“ peak-factor.” I think it is a good suggestion, but I would 
like to see “ wave-peak-factor ” the term, which would define 
the peak-factor intended. We use the word “ peak ” in 
so many significations, peak of the load, etc., that I think 
the term should be qualified. Of course, if the context of the 
paper shows what it means it is all right, but as Dr. Sharp has 
coined the term, it seems to me as a measure of prevention of 
confusion it might be well to put the word “ wave ” before it. 

Clayton H. Sharp: Regarding that term “ peak factor,” I 
did not mean to coin anything. It seemed to be a rather obvious 
term to use, and I simply used it, without considering whether 
it was new or old. I doubt if it is a new term, although it may 
be. I agree with Professor Thomson in his suggestion that the 
term might be more specific, and it might be made “ wave peak- 
factor.” 
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POTENTIAL TRANSFORMER TESTING 
Note on the Effect of the Resistance of the Detector 
Circuit, in Determining the Ratio of Two Alter¬ 
nating Voltages, and the Phase Angle between 

THEM, BY THE BALANCE METHOD 


BY J. R. CRAIGHEAD 


In the use of the balance method of determining the ratio of 
the primary and secondary voltages of potential transformers, 
certain variations in the result were noted which appeared to be 
dependent on the relation of the resistance of the detector 
(Rt> in Fig. 1) to the balance resistance Ri and R 2 * A short 
theoretical investigation and a few tests were made to determine 
the cause and the order of magnitude of the errors involved, and 
to ascertain safe limits of operation. As the measurement of 
the detector voltage has frequently been suggested as a means of 
determining phase angle between voltages, the relation of the 
detector resistance to this measurement was also considered. 

The cause of error is the current drawn in the detector circuit. 
If the two voltages to be compared are in phase and of the same 
wave form, no current flows in the detector circuit when a balance 
is obtained, and no error can result from this cause. In thehisual 
condition, however, as in determining the voltage ratio and phase 
angle of a potential transformer, the voltages are slightly out of 
phase and may even differ slightly in wave form. Then the 
balance is obtained when the detector indicates minimum or zero, 
but a current flows in the detector circuit proportional to the 
voltage across the detector (practically in quadrature with the 
voltages compared) and inversely proportional to the resistance 
of the detector circuit. This current evidently passes through 
one section of the bridging resistance placed across the 
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greater voltage, but not through the other. Since the balance 
will be obtained when the voltages across the two resist¬ 
ances reach a certain relation, and since the currents in these 
resistances are unlike, the ratio of resistances is in general not 
an exact representation of the ratio of the voltages compared; 
and since the detector current, taken in quadrature from the 
current in one of the bridging resistances, causes it to differ in 
phase from the current in the other bridging resistance, the 
minimum reading of the detector will be representative of an 
angle (a in Fig. 2) which is not identical with y, the phase 
angle between the voltages compared. 

The nature of the detector employed has an influence on the 
result. This may be (a) a simple voltmeter (see Figs. 1 and 2) 




or (b) a dynamometer separately excited. The excitation may 
be in phase with E 2 , E x , I % or I x . The error with excitation in 
phase with J 2 is the same as under (a). If the excitation is 
supplied in phase with Ei, E 2 or I h the balance is obtained under 
slightly different phase relations, and the errors enter into the 
results in slightly different ways. 

To obtain an idea of the order of magnitude of the errors 
involved,, it will be sufficient to analyze case ( a ) where the 
detector is a simple voltmeter, reading a minimum at balance, 
and where the phase angle may be obtained from this minimum 
reading. 

Referring to Figs. 1 and 2, assume E a and E 2 to be two sine 
wave voltages differing in phase by the angle y, balanced for 
comparison as indicated in the sketch. The voltage E D across 














1912] CRAIGHEAD: ELECTRICAL MEASUREMENTS 


1629 


the detector is in quadrature with the voltage 7 2 Rz across R 2 , 
since the contact point K which marks the division of the total 
bridging resistance into Ri and R 2 has been shifted until the 
reading of the detector is a minimum. If h, 7 2 , and I D are the 
currents flowing in the resistances Ri, R 2 and R D respectively, 


whence 


h i? 2 = VeJ-e~ d * 


A /EJ - ES 
V i? 2 2 


h + -|4 


The angle between 7i and 7 2 , or between 7i7h and 7 2 £ 2 , is 


6 = cos' 




£1 = V7i 2 i?i 2 T 7 2 2 i^ 2 2 + 2 7i Ri 1 2 R 2 cos 9 
and for true ratio of voltages 

Ei = V 7i 2 Rf + T 2 t ^7T27i £1 7 2 £ 2 cos I_ 

E 2 e 2 


Substituting and simplifying, 

£1 _ A / £ 2 2 — £d 2 w /Ri + R‘ 

Z? V 17 2 ^ 1 




R 4~ 

Equating to —^-- and solving for R D , 

K-2 


Ri + R 2 


That is, if the resistance of the detector is adjusted to the 
value obtained from equation (2), the reading obtained from 
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Ri and will accurately represent the ratio of voltages without 
correction for phase angle, the errors ia ratio due directly to phase 
angle and those due to the detector current offsetting one 
another. When i?i is large compared with i? 2 , this formula 
becomes approximately 

R d = R 2 


For instance, in testing a transformer rated 2200 : 110 volts, 
the values of resistance used were Ri = 19,000 ohms and R 2 = 
1000 ohms. 


Rd 


Ri R% 
R\ + i?2 


950 ohms. 


If R d is kept at 1000 ohms, the error in ratio determination is 
negligible, amounting to 0.0006 per cent for 7 = 1 deg., 0.0016 
per cent for y = 2 deg., and 0.006 per cent for y = 4 deg. 

The maximum limits to which the error may reach are shown 
as follows: If a is the angle between E* and Jo i? 2 , equation (1) 
may be rewritten 


Ei 

Ei 




Rl + R2 

R2 


cos a ; 


l 

sin 2 a 


(*lY 

/ Ri V 


\ Ri R 2 / 


- a 


If <p is the angle between E\ and I 2 R 2 , equalling y — ot , 


cos <t> = + I\ Ri cos e 

E 1 


Since cos 6 = and I 2 R< 
1 1 


E 2 cos a, 


cos 0 = 


Ri + R 2 


R 

E 2 cos a + E 2 cos a 
_ R-2 


cos <p — 


( Ri ' 

Y ( Ri v 

\Rd , 

/ \i?i + R2) 

Ri ' 


+ Rn 

1 tan 2 a 


( 3 ) 
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whence 

E t i __ Ri + R 2 cos a 

E 2 R 2 X cos cj > (4) 

Now since y = a + <j>, 

cos a varies from 1 to cos 7 , while 
cos (f> varies from cos 7 to 1 ; 

at the same time R 2 /R T> varies from 0 to infinity. 

Hence the correction factor to be applied to the ratio of resist¬ 
ances varies with changes of R D from cos 7 as one limit through 
unity to 1/cos 7 as the other. It will evidently be equal to unity 
(no correction necessary) when a = 0 = 7 / 2 . In this case, from 
equation (3) 


cos a 


COS 4 > 


vWf-)’(A)' 


tan 2 a 


which, solved for i? Dl gives 


e> _ Ri R2 

D ~ Ri + R 2 

which is equation (2) again. That is, the same value of R D which 
gives a correct ratio reading, gives also a phase angle obtainable 
from the minimum reading of the detector by the formula 

“ - sin -‘ (ir) 

whicli is one-half of the actual phase angle 7 . 

This method of obtaining phase ajigle, however, falls into serious 
error if the resistance Rv varies more than a few per cent from 
the theoretical value, and correction is too complicated for 
practical use. Other methods which do not involve these errors 
(as, for instance, the use of two dynamometers whose fields 
have a common excitation adjustable in phase) are much to be 
preferred. If the excitation of the dynamometer is in phase with 
Ei or with 7i, the equations are more complicated, but the general 
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order of the errors is similar to the above. If the excitation is 
in phase with E«, the equation for ratio takes the form 

Ei _ Ri ~h Ri ^ 1 _ 

Ei R« cos c* cos q> 

, x l 1 + {rITr) x (it) x sin2 a ] ® 

As the two factors indicating the error both have an effect in the 
same direction, there is no single value of R D at which the ratio 
error is totally eliminated. 


If Rn 


R1R2 

Ri + R» 


equation (5) becomes 


E±_ _ R\ + R 2 ^ 1 + sin 2 a 
R ‘2 R 2 cos a cos 4> 


If a 

Ri>, 


9» which would be very nearly true with this value of 

E i __ Ri + Ri ‘ 1 + sin 2 a 
E 2 R 2 1 — sin 2 a 


This equation gives the following values: 


r 

a 

Correction factor 

Per cent error 

1 deg. | 

30 min. 

1.00008 

0.008 

2 deg. j 

1 deg. 

1.00061 

0.061 

3 deg. j 

1 

1 deg. 30 min. 

1.00137 

0.137 


It is evident that a satisfactory accuracy can be attained with 
about 2 deg. phase angle. These results change but slightly for 
moderate changes of R D . 


Summary 

Ratio of voltages may be taken by the balance method with 
entire accuracy, if the detector is either'self-excited or excited 
in phase with / 2 , by keeping 


Rn 


Ei R2 ~ 
Ri + R 2 
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If this value is even approximately maintained, errors are 
negligible. 

With excitation in phase with Ei or Ji, the errors are of a 
similar order of magnitude, but the equations involved are much 
more complicated, and the exact errors are much more difficult 
to determine. 

With excitation in phase with E 2 , the errors are never reduced 
to zero; but where the phase angle 7 is 2 deg. or less, the error 
in ratio is only about 0.06 per cent if R D is kept equal to or 
greater than the value in the above formula. This amount is 
negligible for ordinary purposes. 

For phase angle, with any of the above connections, a result 
may be obtained by keeping i^ D equal to the value given above, 
and doubling the angle obtained by direct calculation. It is, 
however, subject to considerable error if R D varies, and cor¬ 
rection is impracticable; therefore it is better to use some method 
which does not involve these errors, as for instance, the two- 
dynamometer method. 

It should be noted that the above results are calculated for 
sine wave voltage. With a distorted voltage wave, or with 
slightly differing waves, harmonic currents flow 7 in the detector 
which greatly complicate the theory. The actual additional 
errors caused by this are in general negligible for practical work. 
Where inductive devices are used to balance the voltage in the 
detector circuit, they do not, on account of w^ave form, wholly 
prevent the flow of current, and consequently only diminish, 
without entirely avoiding, the errors described above. The fur¬ 
ther discussion of these methods is not properly a part of this 
paper. 
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THE TESTING OP INSTRUMENT TRANSFORMERS 

BY P. G. AGNEW AND F. B. SILSBEE 

The determination of the ratio and phase angle of instrument 
transformers has now become a very important part of the work 
of electrical testing laboratories. The method now almost uni¬ 
versally used in accurate work depends upon the potentiometer 
principle. Various modifications of this method have been 
suggested and used*. A modification of the method has recently 
been developed at the Bureau of Standards which, while in¬ 
volving no entirely new principles, possesses some distinct ad¬ 
vantages over any of these. 



Fig. 1 


The connections for the current transformer are shown in 
Pig. 1. Current from the source flows in series through the 
primary winding T of the transformer under test and through 
a standard non-inductive low-resistance shunt Ri. The secondary 
current flows through the normal load of instruments, through 
the primary winding of a variable mutual inductance M and 
through a non-inductive resistance R%, a variable part of which 

* For a resume of these methods and a bibliography, see Bulletin , 
Bureau of Standards, Vol. VII, p. 423, 1911, reprint No. 164. 
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may be included in the galvanometer circuit. The resistances 
Ri and R 2 have values inversely proportional to the currents 
flowing in them so that the IR drop is the same in both. The 
potential terminals are connected so that these equal voltages 
are in opposition and if there were no phase difference between 
them no current would flow through the vibration galvanometer 
G. On account of the phase-displacement in the transformer, 
however, it is necessary to introduce an e.m.f. in quadrature 
with I 2 R'i‘ This is done by the mutual inductance M. The 
procedure is therefore to adjust successively R 2 and M until 
the galvanometer shows no current. It can then be easily shown 
that the ratio of the currents is 

h R* 1 

I 2 Ri cos 8 



Fig. 2 


and the phase angle is 

. A a PM OAOO P M . 

6 = tan 6 = radians = 3438 — 5 — mm. 

-A-2 xv 2 

In most transformers the factor differs from unity by 

less than one part in 2000 , and hence for most engineering work 
it may be omitted. It may be necessary, however, to correct 
the phase angle for the inductance of the shunts. 

The connections for the potential transformer are somewhat 
analogous and are shown in Fig. 2 . A high resistance Ri is con¬ 
nected in series with a smaller resistance R 2 and a self-inductance 
L across the high-voltage side of the transformer. The low-ten¬ 
sion winding is connected in a reversed sense to the points a and 
b of this resistance, the galvanometer G being in series with the 
low-voltage winding. The procedure is to adjust R 2 (or better 
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Ri) and L until a balance is obtained. It can then be shown 
that the ratio of transformation is 


Ei 

E 2 


Ri -f- R 2 
Ro 


cos 9, 


neglect : ng terms of higher order; and, assuming Ri and R 2 to be 
non-inductive, 


9 = tan 9 = P L (-%— - 7 „ ) radians = 

\Ko K i -j- R 2 J 

3438 FL (k~ sr-hf.) mi ”- 

The adjustment for the phase angle may be made by a variable 
self-inductance in Ri or R 2y or by a mutual inductance, or by 
shunting a variable amount of Ri or R 2 by a condenser. This 
latter combination is sensibly equivalent to a negative self-in¬ 
ductance of magnitude C r 2 . In practise it has been found best 
to use a self-inductance in series with R 2y together with a con¬ 
denser shunting a variable portion of R 2 . 

With this arrangement the effective inductance of the circuit is 


1 + P* C*r* 

and the resistance is 

R 2 

1 +p 2 C 2 r 2 

The term p 2 C 2 r 2 is practically always negligible, compared with 
unity, so that L’ = L — C r 2 , and R 2 is unaffected by the con¬ 
denser. The advantage of this arrangement is that it is possible 
without changing the set-up to test a transformer in which the 
phase angle changes from leading to lagging. 

Considerable difficulty was encountered in obtaining a suffi¬ 
ciently sensitive self-contained detector in the case of the current 
transformer. At first sight this seems surprising, since one 
naturally associates instrument transformers with heavy cur¬ 
rents and high voltages. The trouble arises from the fact that 
the entire performance of the apparatus depends on the mag¬ 
netic properties of its iron core, and consequently it must be 
tested under exactly the conditions of use, and sensitivity can- 
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not bo gained by forcing an abnormal amount of power into the 
circuit for a short time, as is possible with condensers, etc. 

For the current transformer, in order to obtain a sensitivity of 
1 in 10,000 at one-tenth load, it is necessary to use a detector 
capable of responding to about 2 microvolts a-c. We obtain this 
sensitivity by using a vibration galvanometer of the Campbell 
type, the moving system of which was reconstructed largely in 
accordance with suggestions of Dr. Wenner. The moving coil 
consists of but 4 turns of No. 28 wire. The total resistance is 
0.66 ohm. The sensitivity is such that at 25 cycles one microvolt 
gives a deflection of 0.5 mm. at a scale distance of one meter. A 
range of frequency between 40 and 80 may be obtained by 
varying the length and tension of the suspensions. For lower 
frequencies between 40 and 20 cycles the moment of inertia is 
increased by the addition of a brass washer which may be dropped 
on a tiny cone at the top of the coil, thus automatically centering 
itself. 

The advantages of the method are that only a single instru¬ 
ment is needed for all ranges of transformers, but one observer 
is required, and neither a polyphase source of voltage, a phase- 
shifting device, nor a rotating commutator is required. 
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Discussion on “ Potential Transformer Testing ” (Craig- 
head), and “ The Testing of Instrument Trans- 
28 R 19T> S ' AgNEW AND Silsbee), Boston, Mass., June 


Clayton H. Sharp: Regarding the last statement of Dr. 

enner m his abstract of the paper by Messrs. Agnew and 

U !^ 6 a t * rather surprising, inasmuch as the identical 
method tor testing current transformers, with the exception of 
the vibration galvanometer detector, has been in use in our 
laboratory for two or three years, and a description of it was 
presented to the convention of the Institute three vears ago, I 
think, at Frontenac. The method is absolutelv identical with 
the one described in the Transactions of the Institute, to which 
I refer, and we included a satisfactory detector, so that I do not 
see how m presenting a description of this method the statement 
could be made that no satisfactory detector was at hand. It was 
indicated at that time. ‘ ' ' ' w '° 

James R. Craighead : This paper on the testing of instrument 
transformers by Messrs. Agnew and Silsbee has brought forward 
the vibration galvanometer as a new device for use as a detector 
of small volt ages. on alternating-current circuits. A few points 
of comparison with the separately excited dynamometer may 
be worth consideration. First, in regard to the matter of sensi¬ 
tivity, we find that Mr. Agnew’s galvanometer at 25 cycles 
gives a deflection of 0.5 mm. at a scale distance of one meter for 
one microvolt, or about 1.5 microamperes. The dynamometer 
which we are using for similar work requires about 4 microvolts 
or 0.1 microampere for the same deflection. This sensitivity 
can be considerably increased by simple changes, but has been 
found sufficient for the purpose. 

Convenience. The vibration galvanometer must be adjusted 
by a change of the length and tension of the suspension or by 
adding weights for each frequency. This would involve much 
handling of delicate parts and consequent trouble if applied to 
commercial testing where change of frequency is made at short 
intervals. Also, reading to a zero with return in the same direc¬ 
tion, presents a little more practical difficulty than reading a 
zero when the indicator passes through instead of to the point r 

On the other hand, the separately excited dynamometer 
requires a phase-shifting transformer and a polyphase supply. 
A shift of phase without the-polyphase supply is not difficult 
to arrange, but is much less convenient' and in general less 
accurate than the polyphase method. The same adjustment 
of the dynamometer is correct for all frequencies. The reading 
is through a zero so that there is never a doubt in which dir ection 
to change the adjustment in finding a balance. 

The use of condensers and reactance in connection with the 
resistances of a potential transformer outfit involves difficulties 
of commercial handling. Ordinary condensers are unsatis- 
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factory apparatus where permanent accuracy is required. 
Wherever a considerable amount of testing is to be done, this 
consideration alone may offset the advantage of using only one 
observer in phase-angle tests on potential transformers; espe¬ 
cially as the time required for adjustment of resistance, reactance 
and condensers would undoubtedly diminish the actual gain. 
The condenser-reactance combination, which does not make a 
satisfactory phase-shifting arrangement even for exciting a 
dynamometer, is here made a part of the measurement circuit. 

In general, the gain in using the vibration galvanometer 
appears to be the elimination of the polyphase circuit and phase- 
shifting transformer, and, in comparison with some other 
methods, of one observer. The loss is in the added complica¬ 
tion of the instrument, the probable increase of time spent in 
repairs and adjustment, and the difficulties involved in shifting 
the phase of the measured voltage b}^ capacity and reactance. 

Edward B. Rosa: This discussion brings out pretty clearly 
that one cannot generalize and say that a given method is better 
than some other method, for a series of reasons, without going 
further and specifying the circumstances under which they are 
to be used. It may appear very difficult for one man, with 
certain routine surroundings, to use, for example, mutual in¬ 
ductances and condensers, whereas another man, having them 
at hand, may find them much more convenient than a polyphase 
source of power and phase-shifting devices or something else. 
The truth in this case is, that in one laboratory one method 
has been found to be much more convenient, and in another 
laboratory the other method is much more convenient. The 
writer of this paper, from his standpoint and training, thinks 
this is a very distinct improvement over previous practise, for 
the reasons he specifies; nevertheless another method may be 
much preferred in other surroundings by other experimenters. 

L. T. Robinson: I would like to endorse that view fully. The 
advantage of such papers and such discussions as this is to 
bring out these facts, and there is everything to be gained by 
the one man knowing the point of view of the other man. I 
feel very sure that all of us who have been working along the 
line referred to, appreciate the fact that perhaps unconsciously, 
but nevertheless quite truly, we have adopted a great many of 
the methods of other laboratories until there is more similarity 
than there was, at least in the test methods that are used. I 
know at the Frontenac meeting, three years ago, I had some very 
definite ideas myself on the subject, but they have become some¬ 
what modified, although we hold to substantially the same 
practise as was described then. 

Clayton H. Sharp: I want to say a word or two about the 
advantages and convenience of a synchronous reversing key or ' 
rectifier in measurements, not only of current and voltage trans¬ 
formers, but in some other alternating-current measurements 
as well. With the synchronous reversing key you can 
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use the direct-current galvanometer, you can use as sensi¬ 
tive a galvanometer as you want, although beyond a certain 
point other troubles come in which will prevent the use of 
the highest sensitivity. 

This detector in transformer testing has the additional 
advantage that it is selective of the resistance and the re¬ 
active components in the e.m.f. In testing a transformer two 
operations are gone through with: First, the key is set so that 
it reverses in phase with the resistance drop from one shunt to 
the other. The deflection is then brought to zero. The brush 
holder is then shifted through 90 deg., becoming in phase with 
the reactive drop, and the mutual inductance is then shifted until 
the deflection comes to zero. These two adjustments are made 
separately and not simultaneously, and they do not get in each 
other’s way. The whole operation is performed in a moment with 
a high degree of certainty, whereas in the vibration galva¬ 
nometer you have an instrument which does not differentiate and 
a double adjustment is necessary. With practise, however, it 
may become easy, but there is still an advantage in the use of 
the other system. The synchronous reversing key can be readily 
used in measurements of inductance or capacity by the ordinary 
bridge methods, and it has the same advantages, that you can 
separate the resistance drop from the reactive drop. It has 
worked out as a very convenient and very sensitive and good 
instrument in alternating-current laboratory work. 

L. T. Robinson: I think Dr. Sharp’s remarks bring out Dr. 
Rosa’s point to the fullest value. I started first with the revers¬ 
ing commutator and direct-current galvanometer, and it did 
not suit me very well. We then took up the separately excited 
dynamometer. On the contrary, Dr. Sharp got a reversing 
commutator that went a little better than ours went, and it has 
remained his method. The Bureau of Standards has found the 
vibration galvanometer useful. I have never tried one. We 
bought some, and put them up in the cases, and they are there 
yet, but we never have had time to test them out and see what 
they would do. Therefore, it is only fair to say that ideas along 
these lines should be tempered with the influence of surrounding 
circumstances properly considered. 

Frederick Bedell: A word on the question of the synchronous 
commutator and the non-synchronous commutator—as Dr. 
Sharp has. pointed out, with the synchronous commutator 
various adjustments are made which have certain points of 
advantage in manipulation and which make it possible to deter¬ 
mine the phase angle as well as the amplitude of the quantity 
measured. If the commutator is driven by a motor that is just 
off from synchronism, none of these adjustments are necessary, 
and one’s attention is free from other tilings in connection with 
the test. The galvanometer will then have beats and the deflec¬ 
tion will rise to & maximum and fall; the deflection may be 
reduced to a minimum or to zero, thus giving a very sensitive 
zero instrument. 
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Edward B. Rosa: I would like to say sound him; in defense »»i , 
or rather in justification of the vibration galvanometer. We 
have used the synchronous coni imitator with a. direct -current 
galvanometer at the Bureau of Standards, \ ears aim we under 
took to make refined measurements o! certain kind ; with that 
combination, but while the sensitivity is high the sourer ; of error, 
we found, were serious, the commutator being a scrioua dis¬ 
turbance. We have had most satisfactory r< till with the 
vibration galvanometers, and it is for that reason that uv are 
using them in several of our laboratories. The fact that the 
vibration galvanometer, attuned to the frequency of the current, 
practically ignores the harmonics, is a very great^ advantage in 
much of the testing. The sensitivity is so small for harmonies, 
as compared with that of the fundamental, that it has a very 
great advantage over the other style of instrument; and as to 
being obliged to make two adjustments at once, or not knowing, 
from the fact that the deflection is both sides of zero, which 
kind of adjustment to make, I can assure you a little experience 
makes that difficulty seem very much smaller than it appe u\s at 
first sight. 

We have used the vibration galvanometer, now, for ten rear 
and have a good many of them of different types in sen ice, tiring 
them for very many purposes; we have also tried the other 
styles of indicating instruments, so that we can speak from 
experience with both instruments. 

W. W. Crawford; In regard to Mr. Agnew s paper on the 
testing of instrument transformers, 1 noted that Mr. Aguew 
states that he considers the method of connection which he ha . 
used, that is, introducing a resistance in the secondary * in nit 
of the current transformer, with a mutual inductance for balanc¬ 
ing phase displacement, is the best method that tan be iced, 
I believe I can verify that statement from practical source*,, 
because we used the method some time back and we found it 
very satisfactory. We did not use tin* vibration galvanometer;, 
in connection with it, but we used, as I presume Dr, Sharp ha - 
already pointed out, a synchronous rectifier, which did not 
consist of a commutator with sliding contacts, which always 
give trouble. Wc used a rectifier consist ing of a vibrating tongue, 
driven by a synchronous motor and a earn. The whin*mg 
tongue carried platinum contacts which reversed the connection*,* 
The contact resistances were negligible so we were able to obtain 
the full sensitiveness of the direct current galvanometer im 
alternating-current measurements. We were ’able to get flic 
limits of sensitiveness which Mr. Aguew mentions with a 
synchronous motor of the type developed by Mr, Ho hht'.un, 
which could be carried in one coat pocket, and a portable g,d* 
vanometer of the type made by R. W. Paul, of London, which 
could be carried in the other pocket. We could get a sensitive 
ness of one microampere per division, or m microvolts per 
division, the apparatus being entirely portable and independent 
of telescopes, reflecting scales, etc. 
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Frank Wenner: In regard to Mr. Craighead’s statement 
concerning the sensitivity of the separately excited dynamometer 
1 need only say that the sensitivity of the galvanometer used is 
sufficient lor all purposes. If a higher sensitivity were needed 
1 do not think there would be any difficulty in getting ten times 
the sensitive indicated. Dr. Agnew simply stated he would 
rather have a galvanometer of this sensitivity than one of higher 
sensitivity. & 

!n regard to the method Mr. Craighead described as compared 
with the method that Dr. Agnew is using, as I understand the 
situation, Dr. Agnew has used, for a period of four years, the 
identical method which Mr. Craighead has described, and I 
believe he considers the method he is now using as a decided 
improvement upon the former method. 

In regard to Dr. Sharp’s reference to the synchronous rectifier, 
Ur. Rosa has already pointed out some of the difficulties in 
regard to that. At the present time we have in the Bureau a 
synchronous rectifier, and have for sometime been trying to 
make it operate satisfactorily. Dr. Burrows, who is working 
subject, has had difficulties, so has called upon the rest 
of us for suggestions. The various suggestions have been tried 
out, and at one time he made a visit to Dr. Sharp’s laboratory 
to see if he could not get some more valuable suggestions there, 
but still the synchronous rectifier does not work satisfactorily. 

P. G. Agnew and F. B. Silsbee: The discussion seems to have 
Ce a ^ ou ^ use ^be vibration galvanometer as a detector 
and the question of what constitutes the most satisfactory detec- 
tor. ^ As has been very clearly stated by Dr. Rosa and Mr. 
Robinson, the answer to this question depends both upon the 
equipment and traditions of the laboratory and upon the train¬ 
ing and experience of the observers. Certainly, Dr. Wenner did 
not intend to imply that the arrangement used by Dr. Sharp and 
Mr. Crawford of a mutual inductance with a rotating com¬ 
mutator and d-c. galvanometer as detector was an unsatisfac¬ 
tory one. Probably no one would claim that any of the detecting 
devices which have been used in the work is ideal, whether he is 
using a rotating commutator, a dynamometer, a vibration gal¬ 
vanometer, or, as has been used at the Physikalisch-Technische 
Reichsanstalt, an electrostatic instrument. Most of the instru¬ 
ment transformer testing at the Bureau of Standards during the 
last four years has been done by a dynamometer method very 
Similar to that used by Mr. Craighead. However, it was always 
felt that a self-contained detector would be decidedly preferable. 

an( ^ P^ ase an ^ e are determined by a single balance, 
ana the accuracy does not depend upon any subsidiary or external 
adjustment, and no quadrature current is drawn from the net- 
work. This surely minimizes the chances of error. The con¬ 
densers or inductances are used to shift the phase only by the 
small angle of the transformer, and the accuracy and permanency 
of such devices is far greater than that required by the precision 
which is desirable in phase angle measurements. 
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A point which has been entirely overlooked in the discussion 
is that the volt sensitivity is the essential consideration in current 
transfonner work, while the current sensitivity is practically 
immaterial. In the case of potential transformers the reverse 
is true, but there is no difficulty in obtaining the requisite 
current sensitivity. Practically any commercial vibration gal¬ 
vanometer is sufficiently sensitive. In fact too sensitive a detec¬ 
tor is undesirable, as it is likely to allow errors to enter from ex¬ 
traneous sources. The galvanometer described was designed to 
give a high volt-sensitivity and a low current-sensitivity. 

It should be noted in this connection that a vibration galvano¬ 
meter is analogous to a motor and the volt sensitivity cannot be 
obtained directly by multiplying the current sensitivity by 
the resistance, but account must be taken of the back e.m.f., 
as is pointed out by Dr. Wenner in a paper presented at this con¬ 
vention. He cites a case in which the back e.m.f. was approxi¬ 
mately 40 times the IR drop. Our galvanometer was designed 
to give a back e.m.f. approximately equal to the IR drop, or a 
current sensitivity twice the value computed by Mr. Craighead. 
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OPERATING CHARACTERISTICS OP LARGE TURBO¬ 
GENERATORS 

B-Y A. B. FIELD 

The requirements of the station engineer, with regard to the 
operating characteristics of large alternators, have materially 
changed during the last few years, concurrently with the rapid in¬ 
crease of size, measured in kw., of the individual power houses 
and of the individual generating units. Some characteristics 
which ten years ago were striven for, are now avoided and con¬ 
sidered actually detrimental. 

It is proposed here to consider briefly the trend of modern 
practise in respect of some of these requirements. 

The condition referred to is not merely the result of increas¬ 
ing size of units, and of groups of units, but has been effected, 
for instance, by the radical change in speed for a given output, by 
changed methods of operation, etc. It was not many years ago 
that the largest rating of turbo-generators offered for a speed of 
3600 rev. per min., was 500 kw., and even that was apt to be a 
troublesome machine on account of a design ill adapted to the 
speed. 

At the present time there are thoroughly satisfactory genera¬ 
tors in operation in this country having a continuous rating of 
5000 kv-a. at 3600 rev. per min., and in Europe 4000 kv-a. at 
3000 rev. per min. Eight years ago 750 rev. per min. was a high 
speed for 7500-kw., four-pole generators. At the present date 
six-pole turbo-alternators of over 20,000 kw. at 1000 rev. per min. 
in a single unit, have been constructed in Europe; and in this 
country two-pole generators for the same output at 50 per cent 
higher speed are under construction, and four-pole rfiachines for 
19,000 kv-a. output at 87 per cent higher speed, or 1875 rev. per 
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min. From an electrical point of view, these high speeds are 
not economically desirable for these ratings, but the advantages 
to be gained when considering the set as a whole turbine and 
generator—-warrant their adoption, particularly as they entail 
no smaller factors of safety than have been tolerated in the 
smaller machines in the past. The size of t he unit ha been e.*n 
timially pushed further, and if then! should be a adheient rail 
from the steam turbine builder and the operator, for a meed of 
1500 rev. per min. for still larger sets there is little doubt but that 
30,000- or 35,000-kv-a. units for high power factor»merat u m may 
later be built of the two-pole type, though possibly we may then 
no longer depend for cooling upon the methods at present in 
use. 

In a recent paper before this Institute, Mr, Samuel lusull ad¬ 
vocated the concentration of power generation for public* service", 
in each district, and pointed out that, in Chreafer New York then* 
was already a total developed load of h< 10,000 fo 700,000 lav, 
Without discussing Mr, InsullV. argument:;, we mav note that 
the company of which lie is the president commit fed itself 
more than a year ago to a 2 10,000 kw, station in Thu ago, in 
addition to its two large stations at Fisk and Quarry Street 
Again,should the near future see any developments in Kurope 
along the directions hinted at recently by Sir William Ram av, 
with regard to the production of power from eoal at the pit 
mouth, and turbine units lx* used, the size of theseunits would 
necessarily be much larger than any hitherto constructed, In 
fact, we mu i recognize that we have not yet. reached the era of 
the ‘Marge” generator, though we cannot sav, with quite the 
same assurance, that the high speed, relatively to output, at 
present in evidence, is to be similarly progressive, 

In the early days of alternating-current station praeti e, alter 
nators were sometimes specified “ to be capable of running live 
minutes on a dead short circuit with normal excitation without 
injury,” and when close regulation was not also called for, this 
clause was generally agreed to by the maimfaeturers, (but 
paratively little attention was paid to the way in which the short 
circuit was introduced, and such a, requirement would lm\e 
been considered to be met by short; circuiting the generator 
and then bringing up the excitation to normal value; in fact in 
the case of the type of generator involved, viz., slow speed, 
small rating, with many poles, the instantaneous current on 
short-circuiting would not be many times tire sustained short 
circuit current. 
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Conditions are very different, however, with the machines 
built now, and operating engineers are frequently wisely speci¬ 
fying that the machines they buy are to be capable of being 

short.circuited suddenly* when running at full speed fully 

excited, without any mechanical or electrical injury resulting. 
They are aware that under such conditions the current flowing 
through the stator winding may be very many times the final 
steady value obtaining a minute or two aider short-circuiting, 
'Phis requirement is by no means an easy one to meet sometimes, 
and necessitates details of construction which are somewhat 
costly and have some other disadvantages as well. However, 
it is recognized by some of the manufacturing companies that 
the operator has, a good ease, and that- even if, in an up to-date 
station, the arrangements should be such that an involuntary 
test of this nature is rare, vet the ability of the generator to 
stand such a lest is a good guarantee that the machine will meet 
a number of other conditions occurring in prarti:e which cannot 
be covered in detail in a purchasing specification. 

The amount of instantaneous short circuit, current is of tnlejv; t 
to the operating engineer from two prints u£ view; viz., the effect 
upon his generator and that upon his circuit opening devices, 
Both aspects have been simultaneous! v : studied carefully by the 
manufacturers, so that now, while the ruuvut To be dealt with 
has been kept within moderate limits, and g* *m tat of construe* 
lions have been developed which are amply able to stand the 
strains, at the same time switch gear is available which will meet 
the needs at present in sight, 

It. is of interest to consider the features which influence the 
amount of flu* instantaneous shorf eiivnif. current, the wav in 
w hich f hi*; depends upon sires speed, frequeuev and regulation, 
and to do so we must picture in a genera! way the process bv 
which it is produced. These have been Well recognized for 
some years, but to facilitate rite argument they are btiHly 
described 1 *elf »w , 

Honsidef a generator miming on no load at normal voltage, 
on which a short circuit is developed between lave* terminals If (* 
at the instant, when the voltage Hi.* is germ At this; moment t 
the windings, of the short circuited phase are inclosing their 
maximum rotor flux, if this, flux were to be abstracted by the 
motion of the rotor and no selfdudneiive or other flux substi¬ 
tuted, the current would mount up to a value of say 300 times that 
eorrespotiding io the rated current fassuming u full load l*R 
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loss of 0.3 per cent). Actually, the current will rise at a fair to 
produce by self-inductive flux a voltage nearly corresponding 
to the phase voltage, and this self-inductive flux must tu a large 
extent find a path clear of the rotor, as the rotor winding, and 
solid metal form closed circuits hindering any rapid changes ot 
enclosed flux. This stray flux, and the current producing it, will 
increase steadily in value until the rotor pole has abstracted its 
flux, and as the next pole comes forward with its flux, 
which similarly cannot be instantly quenched and must, there¬ 
fore be largely deflected, the short circuit current will still further 
increase to produce a stator leakage flux nearly counteracting, 
as far as the stator winding is concerned, the addition of this 
reversed rotor flux. This case short circuiting at the zero 

point of the voltage wave'. gives the worst condition ns regards 

magnitude of the stator current, and gives a current wave 
which for the first few cycles is practically all on otic side of the 
zero line. 

Considering the matter in this general way and leaving' <*ut re¬ 
finements, it is clear that the maximum change of current in a 
half cycle, that is, the amount measured from the top of ih** posi¬ 
tive peak to the bottom of the* negative peak, will be i hat current 
which can produce a leakage flux nearly equal to twice the pole 
flux, and that this maximum change of current will be nearly 
independent of the point on the voltage wave at which the hurt 
circuit takes place. But the relative proportion:-. t»f tin* current 
wave that lie above and below the zero line depend upon this 
feature. To be explicit, refer to a typical single phase short 
circuit oscillogram as given in Fig, 1, On this we have drawn a 
curve through the crests <4* the positive waves and similarly 
one through the crests of the negative waves and have ex¬ 
tended these back to the axis drawn for the instant o! dioit 
circuit. The two curves intercept on this axis a length /ririor 
responding to 37,000 amperes in this particular ease, and mir 
statement is, that for a given machine, short eiivuited under 
given conditions, this intercept depends chiefly upon the tutor 
flux and but little upon the particular point on the voltage 
wave at which tin* short circuit takes plan*; while, on the other 
hand, the proportions <4* litis intercept above and below the 
zero line, viz, OP, 0(1,depend considerably upon the instant of 
short circuit. Hence, the approximate maximum of the short 
circuit peak that could occur, were the machine to he short 
circuited at the least favorable point of the voltage* wave (namely, 
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voltage zero) can be ascertained approximately from an oscillo¬ 
gram taken at random, short-circuiting the generator at any 
point on the voltage wave. This would be represented by the 
value PQ multiplied by the decrement factor for a one-half 
period, viz., by the ratio cd/ab . 

It must be understood that this is true only in a general way, 
the whole phenomenon being affected by varying magnetic sat¬ 
uration of different parts and by actual PR loss in the paths of 
the short-circuit current and eddy currents produced. 

This brings forward a question upon which we are in need of 
some conventional agreement; this Institute might with ad¬ 
vantage formulate one. The “ momentary short-circuit current”, 
of a generator is nowadays frequently referred to, and discussed, 
without a proper recognition of the fact that this is not a definite 
quantity, even for definite values of the load and excitation at 
the instant of short circuit. In the first place, it will be con¬ 
venient always to consider this quantity (as finally defined) in 
terms of the rated current of the machine, and for the sake of 
uniformity the “ rated current ” should be the maximum r.m.s. 
current which the generator is rated to carry continuously. 
In the next place, the peak momentary current should not be* 
compared with the r.m.s. rated current, but rather the initial 
peak value divided by 1.414 should be thus compared. This is 
consistent with corresponding practise in other lines, as for in¬ 
stance, when an induction motor is specified to take from the line 
at starting a momentary current not exceeding, say, three times 
normal current. Finally, what is of real interest is the most 
probable ratio of initial short circuit to rated current, when the 
machine is short-circuited at random as regards the position on 
tlie voltage wave. If we wish, we can, in addition, very readily 
have a standard percentage to add to this, which will tell us 
approximately the highest possible momentary short-circuit 
current ratio under specified conditions. This would correspond 
to a current which would be approached, within a small percent- 
age, perhaps once in a hundred short circuits. 

The most probable momentary short-circuit current can be 
approximately determined from the value of P Q referred to above. 
Having adopted a definition for the momentary short-circuit 
current, it will be convenient to define the “ momentary short- 
circuit current ratio ” as the ratio between this current and the 
normal current of the machine for maximum continuous rating. 

From the oscillograms given in Figs. 1 to 4, we should say that 
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the generator in question gives, with half voltage excitation at no 
load, a single-phase short-circuit current, having a maximum !*»»:• 
sible peak value of approximately 15~»,Ut)0 amperes, and a prub 
able maximum peak value of 30,000 amperes. As l he tated cur¬ 
rent of this generator is 2400 amperes (r.m.s.) having a peak 
value of 3400 amperes, we say that the prohibit momentary 
short-circuit current ratio under the conditions ot excitation 
stated above is approximately 8.8 and the gmi/e.d possible 
momentary short-circuit current ratio under these conditions 
is 10.3 approximately. 

It has been stated above that the stator leakage flux pro 
duced on short circuit must be nearly all clear ol the rotor 1 >eeause 
it cannot penetrate suddenly the solid metal ol tin- rotor and t In¬ 



closed field winding. This is largely true, but some proportion 
of the flux will pass into the rotor. This it. illustrated by the 
oscillograms already referred to,in which it will be noted that 
the excitation current, after short circuit, rises in peak-., cor¬ 
responding in time to the stator current peaks, to values sevei.d 
times the steady excitation corresponding to the excitation volt¬ 
age and the resistance of the circuit.. Fig, f» is a reproduction ,,{ 
part of the oscillogram of Fig. 1 with a curve added to show the 
way in which the flux enclosed by the rotor winding is .slowly 
quenched by the stator current. This curve was deduced from 
the excitation record. 

An’idea of the extent to which the flux will penetrate the 
jotoi can be obtained by measuring the impedance of the stator 
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with the rotor at rest, applying an external source of current. 
Such experiments, compared with similar ones taken with the 
rotor removed, show clearly the magnetic obstruction caused bv 
the presence of the iron. 

For instance, we may refer to tests on the machine 
which furnished the short-circuit curves already given, a 
10,000-kv-a. 2400-volt, three-phase, 60-cycle, four-pole gen¬ 
erator having a solid steel rotor of cruciform section, an air 
gap of ■$ in. (22.2 mm.) each side, and stator slots 0.86 in. wide 
(see Fig. 6 for the type of stator). With the rotor removed, 
and an external source of 60-cycle current applied to the stator 
terminals, the impedance was found to be such as to give ap¬ 
proximately 84 times normal current with full three-phase 
voltage applied, and 7.3 times normal current when rated volt¬ 
age was applied across tw r o only of the three terminals, that is, 
single-phase. Similar tests made on this machine with the 
rotor in place indicated an impedance which was not strictly in¬ 
dependent of the magnitude of the current but which apparently 
would give about 12 times normal current with three-phase full 
voltage applied to the stator and about 10J times normal current 
single-phase. 

Comparing these tests, it will be noted that when the stator 
core was apparently magnetically short-circuited by the rotor 
with only a |-in. (22.2 mm.) air gap, the impedance of the 
stator, instead of being increased, was only 70 per cent of that 
when the iron was removed and the stator flux found its path 
through the air. The power absorbed in this impedance test 
amounted to 340 kw. for rated current with the rotor in place, 
and less than one-sixth of this when the rotor was removed, 
again showing the effect of the heavy choking currents in the 
surface of the stationary rotor body. 

We see, therefore, that on the occasion of the sudden short 
circuit of such a turbo-generator a large air gap separating the 
rotor from the stator will be apt to aid the restriction of the stator 
current by increasing the available space for the stator and rotor 
leakage flux, and thus, contrary to the generally accepted idea, 
changes of proportions which improve the regulation of the gener¬ 
ator do not of necessity in every case cause an increase in the 
momentary short-circuit current. However, as pointed out later, 
it is in general necessary to adopt poor regulation in order to 
restrict to a reasonable degree the momentary short-circuit 
current, and to obtain other ad va at ages. 


f 
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From sutdi gimeral cumidemtium; t .-,- *]v , ;■*• 

the following statements will he amarem. 

1. The monientar\* short'eiivuii eurrem r-en i- 

affected by the frequency to any very bra- vxmm . v ?, , 
for instance a (Hbcvcle Un1.H>genent?.ur opera'im: > 

frequencies, except by reason of tin v a!!* ? ■ . naCn 
stator leakage flux into thi* rotor bode m V. «•,»>: o : 
However, comparing a 2a»ryeie d* dgn wi?* o oo ■. *. b < 
changed proportions of design, such as :,ho gr.m 
etc., involve a greater ummenlarv sliort ruvu',* ?onvv: 
with thi‘ 25-cycle design, 

2. For the same general feature'; o? d» m./ , a two ■>« 
orator has a larger momentary .* Imr man* rm tvm. r.g 
a corresponding four-pnle nmehine, {I.wmo, p ( r- d.i 
in this respect l>etween Ihe two- and fonr-p* »Ir *u,u hir.r 


Kiuatui uiuu can 




! tf' 


!■ «i r ■ 

u.4i» 


dot* n»r\ | 

*he nnnnvi 

* *'Ul , a* ?h 
dilation ,, 

* nr . mom 
>'• d d* !(!)!!• ! 

influence J!ii 


considerably different, design. 

H. Using a given frame lor a definite rating, * 
short-circuit current ratio is nearly i ij»*t 11 < .r,.i! 
of the flux per pole, t.r., it the number of • mini 
increased 10 per cent for a given terminal volm, 
tary short-circuit, current ratio is reduced ‘Jtl j„ 
same time the figure representing the full load 
unity power (actor is increased by an amount d« 
conditions, which may be as much as bn 

•1. The manner in which ihe momentary lee • 
ratio increases with the rating can not’ be 
it is coin plicated by a number of feature, wind 
magnetic proportions of the design. 

It has been pointed out that try inercasiug t he number of t, l(l 
conductors for a given rating, the instantaneous ■hen 

current is reduced; il .night at first be ..-d that on .„ , „m 

oi the increased number of eonduetors in a group, the , ban,.. 
orees on the end connect,ions would nevertheless |„. j,„ „. ;i 
However, a little consideration will show that tin ,. 
that the forces are decreased by nearly twice the ,* reentag, ,h;. 
the number of conductors in increased, 

J' k - r ] c ,l u Uf SU,, * K,rtin K tlu ‘ imi <'"'mceUous Wind, , 

-seen m l<tg. h allows of effective damping and inddm.i dlv 
v des a large space for leakage (lux. while the held around •!, 
individual conductors , K not, excessive; Hut. )(„■ j, 
forces are mimmiml. The stator shown in this h,,,,,,.' g " 
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peatedly short-circuited at full voltage, both on one phase and 
across all terminals, without any signs of distortion of the 
winding. 

A characteristic upon which great stress used to be laid, is 
close inherent regulation of the generator. It is not hard to 
see the reasons for abandoning this quality in the present-day 
purchasing specifications for large turbo-generators. In the 
first place, the price to be paid for it in efficiency, in heavy short- 
circuit currents, in inferior mechanical proportions, and in 
actual dollars of cost price, was altogether disproportionate to 
the supposed advantages. In the second place the advantages— 
for large units at any rate—are found to be of a more the¬ 
oretical than practical nature. With regard to the cost: In 
a turbo-generator of say 10,000-kv-a. rating (max.) the friction 
and windage plus core loss amount to several times the PR 
loss plus excitation, the ratio depending upon speed and design, 
but varying from perhaps 3 to 7. Hence the point of maximum 
efficiency is always much outside the rating range, and any 
increase in variable losses with a reduction of fixed losses causes 
an increase in efficiency at the operating point. The place where 
limitations are most severely felt in a large turbo-generator 
is the rotor, and therefore, to obtain close regulation in such 
a machine, the flux is of necessity run up higher than it would 
be without this requirement, hence an impaired efficiency. 
The increased flux involves a momentary short-circuit current 
ratio, and mechanical forces on end connections augmented by 
twice the percentage by which it is itself increased. The rotor 
limitations preclude the possibility of obtaining the close reg¬ 
ulation with the low flux, by means of simply an increased air gap. 
In several existing installations the consideration of short-circuit 
current alone has necessitated deliberately spoiling the regulation 
of the generators by inserting external reactance, a procedure 
which not only does not take advantage of the improvement 
of efficiency possible with a reduced flux but introduces some, 
even if small, extraneous losses. 

In the case of large units the difference between close 
regulation and poor, will frequently represent the practicability 
or otherwise of a two-pole as compared with a four-pole design, 
or four-pole versus six-pole. This incidentally represents an 
even greater effect on steam consumption due directly to the 
speed of the turbine. Again, the increased flux required for 
close regulation represents increased rotor weight and changed 
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proportions, which at certain stages will necessitate operation 
above the critical speed where before a stiff rotor was possible. 
As regards cost price, the closely regulating machine will be 
heavier, and while the cost per pound will be slightly less than 
that of the low flux machine, the total cost will always be some¬ 
what more, except where other sacrifices have been made. We 
have been assuming that the close regulation is to be obtained by 
ordinary methods of proportioning. The clever compounding 
device introduced by Miles Walker, and used to some extent 
in England for fairly high power factor work, is said to provide 
the close regulation without any consequent very heavy mom¬ 
entary short-circuit current ratio. 

With reference to the advantage obtained by close regula¬ 
tion, the following points must be borne in mind. Where close 
voltage regulation is required, an automatic regulator will 
be used whatever the regulation of the generator. Even with 
close regulation at unity power factor, that at lower power 
factors is poor. The size of the stations, and of the units, here 
discussed is much greater than a few years ago when close reg¬ 
ulation was being insisted upon, and while it may be said that 
fluctuations of load on a section of the busbars will be cor¬ 
respondingly increased, this fluctuation is not generally so 
large a percentage of the total rating of the machines on the 
busbars. Further, in a large station, if the rapid changes of 
load are heavy enough to represent a considerable proportion 
of the connected generator rating, the problem of taking care 
of the sudden changes of demand for steam will be the principal 
one, rather than voltage adjustment. As regards parallel op¬ 
eration between machines of different regulations, there is, of 
course, some hand rheostat adjustment required, if all machines 
are to share equally the wattless load at varying busbar loads. 
But even if the regulation of the parallel units is the same, such 
hand adjustment will still be necessary, unless the shapes of 
the saturation curves are also similar. Frequently it is desirable 
anyway to adjust by hand the division of current load between 
generators old and new. 

The greater rotative speed at which a given output can be 
handled now, as compared with earlier practise, is largely due 
to changes of design which increase the available output from 
a structure of given dimensions rather than to changes which 
allow of very much larger structures being run at the old speeds. 
The use of mica and asbestos for rotor insulation allows of op- 
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eration at temperatures which were near the limi t with the older 
inflammable materials. Modifying our ideas on regulation 
requirements enables the limitations of stator and rotor more 
nearly to approach one another, and so on. 

'As an illustration may be taken some 12,500-kv-a. 750-rev. 
per min. 25-cycle generators that have for several years done good 
service on one of our large traction systems. In these machines 
the stator is 127 in. (3.2 m.) in diameter, 81 in. (2.05 m.) long, 
and 85.3 in. (2.16 m.) bore, and the flux per pole is about 128 
mega-lines. With these stator dimensions the flux would now¬ 
adays probably be run up some 30 per cent, or so, but the 
stator ampere conductors would also be increased to give a 
maximum rating in the neighborhood of 25,000 kv-a. The full 
load efficiency would be brought up from 96.4 per cent to 
97.8 per cent, each case referring to unity power factor and with 
friction and windage included among the losses. The reg¬ 
ulation at unity power factor, for say 75 per cent of maximum 
rated load, would be increased from 10 per cent to about 15 
per cent. The momentary short-circuit current ratio would 
not be appreciably increased in spite of the fact that we are 
dealing with a machine of much larger kilowatt capacity; all 
the details of design would, of course, be modified to suit, and 
the machine would be considerably more costly to build. 

With the increased ratings prevailing at speeds of 1500 and 
1800 rev. per min., it becomes increasingly difficult to provide 
satisfactory and efficient blowers mounted directly on the rotor. 
There is the further consideration that the axial length taken 
by the blowers, and end bell partitioned spaces, increases the 
span between journals and lowers the critical speed. Some 
far-sighted buyers of large units are now adopting a separately 
driven external fan, allowing of a very stiff rotor construction. It 
then frequently remains possible to keep the critical speed above 
the running speed for large machines too; and the smoothness 
of operation obtained, even if we magnetically unbalance the 
rotor by temporarily short-circuiting one coil, is a great asset 
in a large machine. The external blower has several advantages 
which will be readily seen and which will be accentuated when 
it becomes standard practise in this country, as in Europe, to 
install air filters. The writer believes that our central station 
engineers will follow this practise a few years hence, as it is 
rational to arrest the dirt on accessible surfaces, whence it can 
be removed at a cost which is a very small fraction of the expense 
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THE TRANSIENT REACTIONS OF ALTERNATORS 


BY WILLIAM A. DURGIN AND R. H. WHITEHEAD 


This paper is confined to demonstrating the existence of a 
characteristic of alternators provisionally named the transient 
impedance and to investigating the influence of this characteristic 
on 

a. The maximum and minimum currents flowing through a 
12,000-kw. turbo-alternator with and without external reactance 
coils, under various short-circuit conditions. 

b. The maximum and minimum currents into different classes 
of faults’ from a system operating several such units in parallel. 

c. The maximum cross currents obtainable when paralleling 
a unit to the system considered in (b), and 

d. The torque developed by the maximum currents of (a) 
and (b). 

Summary 

From these investigations we conclude that the short-circuit 
currents of alternators are limited by reactances much more 
complex and much higher than the self-inductive reactances of 
the armatures, but which are constant for similar units and can 
be obtained for any size and type of generator by simple low- 
voltage short-circuit tests. By means of this test value the maxi¬ 
mum short-circuit current of a single unit may be readily com¬ 
puted from 



and the maximum torque from 
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equations which show, when develop!, that the r>imm j.n 

unit in any given short circuit, is less as the number of unit . m 
parallel increases; that the maximum current ahv.o r. u!t 
when the short circuit occurs at. the wth point <<i Hi. mm 
ponding .pressure wave, independent >»> tin" particular lion 
circuit conditions; that the maximum lu.tamanron., bmptr 
merely varies inversely as the reactance in circuit ami Is no 
instability of the system anti generator sin-. in 

end turns) at times of short circuit, are only lessened by reactance 
coils in proportion to the resulting increase in total i.-a. :.ituv; 
that the torque stress per unit with a given mtmho ,.j unit . 
in parallel may be greater or less than that with a smaller 
number of units, del tending 0,1 , ^ u * resistance of the short , u 
cuit; and that the maximum torque i . rut in i . in. 1> p< n. i, m . .s 
the points of the pressure waves at. which a t.htvr pha •> short 
circuit occurs. Finally we find that, the total reactance > .t art 
alternator should be at least la per cent per {.hast , divided 
about equally between the unit and external n.utamo • .,■!.. 
in order to secure protection of the unit from the m in 

cases of internal short circuit, and that even the. teat tame will 
not give complete protection from torque strains in t he m mature 
and field due to poor synchronizing and shori , u, mt . m limn 
excessive power dissipation at faults or in oil -.witrlie . in «,e,t •. 
of breakdown. 

TrANSHvNT ImI'KIIAM 1 


The generally accepted theory of the short > in mt « mi. m ,,f 
alternators is stated as follows by Dr. Steinmet.*. m ” J’raii eui 
Electric Phenomena and Oscillations," pagiFjlMJ, paragraph 1!.( 
“When suddenly short-circuiting an alternator Jo no open 
circuit, in the moment before the short eiivmi. the u< id ilu\ h 
that corresponding to the impressed nun I. .4 Hi. n. ! | , on., 
tion, and the voltage in the armature i-. »!„ <».,mm.d u,f 
e.m.f., e 0 (corrected for magnetic saturation), ,\i the 
of short circuit,a counterm.m.f., that of theatiuatito 0 
the short-circuit current, is opposed to the impressed m mt.otjU.r 
field excitation, and the magnetic flux, their)..t.-, b. giir; to dr 
crease at such a rate that the e.m.f. generated m the held mth. 
by the decrease of field flux increases the field . m.. „t , m d there 
with the m.m.f. so that when combined with ih» aimatnte rear 

ZtJSZir*"* ... 

Immediately after short circuit, wl.il,. ,I„. 
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iuli value, that i:;, bek.re it ha:; uppm-iably iltrrwi*a.'ii, the held 
in.m.1. Uni:: muss liavi* tm-rea sed by a value equal tu the omnler 

1,1 an,la!ur - .A:; the field is Mill praefieully 

mieltauj-eil the yen,'rated e.m.t'. is the u,.initial perns-ated vnltayu, 
and I he sltul't. I'U'ettii, enn'ent is 


Keaelaiov is used in plane of impedunee in this, equatiuu as 
iu '<••• r- ' i t.mee „t the armature is j.eeliidl.le. It 

1,1 >’'• i-m.inhered that, .v, is the seif indmiiye reamsme of 
!!il ' urma!tire dm the, linked mlv with the armature , ti . 
dltemr. and hetlre.a . this be ealeulaP'd nr a! leas* amirnh- 
maled Il'Mlll ! lie design „f tile maehiue, ail e: timale r,J {},,! ‘ „ 

eiivuit em reii! ennespuiiditi;: the thru! v rail he made. The 

«*i|iiafi..it five , this euHVHf as an a e. phne'ium,,),. that is, 
null equal punitive and negative hall' wave-., but j. j.’ 

r, ' ;l ^ v 4 " ■>*■ j hunt silent iii and may, then-hue, have the 

initial waves displamd entirely ah.tvr nr h.-lniv the .,< value. 

Ihe till.' maximum p.. able value i, twine that .Ik.ui hv the 
rqual u in, i »r 

, .. 2 /• ..." 


I he :h.,i! i in uit tests made dm hi); ihe early jiart r,f jjijj s ,„ 

a Id.tu ill hw iltltllt vnlt, 2a eyrie tin lm .alternator at the Fisk 
Miiei M.i-j. ,u mj she t‘nnmiuinvealth Kdt sun t.'uiujianv. as 
«h-.*•!lim Me -r, A, hitrh.itdi\ and S.lm. it.mt* paper 

/hr I \r Hi /'ii,, ,t AVil.Mii, ,n v, Ah l,,in<r Tiu!<f lit, r 

;MI ‘ I ^ Mi mum':, paper ,,u s»ntr AV* /, .?•. ,a 
(hirmui! IU ,, hull,* iu Volume XXX n! tlm T's \K m n.e, 
!l,i lu ; -“t 'Itiu-M.d uppm limitv fur , he. kills' till, 

lllentv, and III* i !■ .; dl , 1 , ;,,m • hr! ween the i 1 UUate.l X allies 
tit '.hurt t u. m; itmi'ii! , and thu-.e aritiullv jutind led tu the 
rr'.nlt:: tu i\v f !, 

!li * ife-niithrmiiih . it. uit . with d per 

cent. .{ It pn . rut, Ml It,3 per rent '-sternal reaetauee. Were tht'nWII 
<tu the altern.itur a! npeii t irettit vultupes fruui HUM 'JtKMt 
Vults, The peal. Value Hi the initial evil*- of eniTent in the three 
pitas.-, fur eat li delta -hurt eimiil.as obtained from tile ns* ill,.- 
yrams then taken, ) , phased i» IT- J f.»r <5,3 per eeu* external 
*V.‘i XXX, I*. I! 1 , i ■.: - it. |M| 4 r Ilia, j ] t 
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reactance, in Fig. 2 for 3.0 per cent ext ernal reactance and in 
Fig. 3 for 0 per cent external reactance. In Fig. 4 similar values 
are plotted for all single-phase and three-phase four-win* short 
circuits. The upper solid lines drawn in these pints thus 
represent the maximum currents from test, and making the 
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Fig. 1—Initial Peak Values of Currents in Turn e Pham 
Delta Short-Circuit Tests. 

Through 6.3 per cent externnl mtetumr. 



* f I 
i t ! 


i » [ 


0 1000 axio xm • .«i«r «m 1 win 

GENERATOR DELIA PRR.Mtia 

fig. 2 Initial Peak Values ok Cukkenis t , I*i, a*» ic 

Delta Short-Circuit Tksts. 

Through 3.9 per cent external iru. utm c. 

singieassumptiQn that current continues proportional to volt aw 
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g e the test results for the maximum peak value-- .•>„ ,♦ 
reactance. rrentS t0 th <‘ values of external 
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to be only 28 per cent of this eon pm tod value, and making all 
due allowance for inaccuracies in estimating x\, if :;mns mi- 
dent that the current is limited by some reactance beside thusr 
contemplated in the original theory. Substituting tin* nv;t 
values of / m ° and U m ft in equation (3) and solving for tie* denom¬ 
inator of the second member, we obtain the values givm in 
column 6, Table I, and subtracting x, lt from these, the figures 
shown in column 7 result for the value of the total effective 
internal reactance. The agreement, of these lust figure:; obtained 
from three series of tests made under different .conditions of 
external circuit is striking. Indeed, the variation from a mean 
of 0.5 ohm is well within the experimental error of oscillograph 
work, and although the transient reaeiatue, as the writer,; haw 



called this quantity,probably varies somewhat with mn.Iiiions 
of field, circuit and armature current even during 1 1 1 * * middle 
third of the first cycle of short circuit, these variations arc 
comparatively small and for the purposes of the paper the tran 
sient reactance is taken as constant during this period under all 
conditions of short circuit, Considered „ver the total period 
of the transient short-circuit phenomenon, it, is, of course, a 
variable increasing from a lower limit .v, to an upper limit, ,v„, 
where tfo.is the synchronous reactance developed when the 
machine is brought up to speed from standstill under short, 
circuit and normal excitation. 


The existence of such a transient reactance, or rather tIt, 
existence of complex reactions which arc convenient Iv groupo 
and replaced by a single fictitious quantity called the transient 







1012! 


Ri’l.U'TlOXS nt‘ A L TER AM TORS 


i m: 


mart; 

l! i * V , 

i : Mum 

li ri 

tui'hrv. rly hv 

f hr l 

t'!;! 

fr; 

all?n an*! hr 

i f if I*m- 

>i. in 

:r*!l umr 

f' > if 

lr:'< * rlr;u ! V ill 

•} <n’-a 

at* 

■*| n 

; if :•* tn ‘r 1 in 

Mill- 

, Wall 

i 1 1 * “ I * i 1 i 

1 i * i i 

*. » tn ** lulu iff 1 

bn iii 

* iu 

n u f 

harrr VAvvU 

(hit in 

r.tf• >r 

/Vh. 

ff lit 

t •<, In nil ufiun 

t >f 

lit* 

•f;*? rt* 

v 1 Bn;unrr ,r 

V» tlni 

iw XI.V. p:u; 

r 21*. 

V, :,la!rs tiiai. in 

nf'jr *' 

'aril 

1 Wft 

mb hr invr a 

yatvl 

! hr - 

rifruit . 

«ij i! 

v . M ninvnl 

in t 

U ’ ■ 

tlr i* 

1 Unlrr hm! 

rpui V 

■alrut 

inthirf 

aurr 

rntlUrt-B ft* I li 

i*.' an 

mu 

: t i n *, 

2.1 finam 

iy’r.il 

a:l ..V| 

an*i *ii; 

Uilrt' 

ru in yrurr.il bn 

v«- a*"* 

' r! ; 

.itM 

f.hr if.af *UUr 1 

i hat • 

f hr a* 

■fual ah' 

'♦r? r 

trruif rUITrii*'-: » 

»!»! ah 

;r»! 

1 Vl ;j 

1 !*r lr’ h; 

1 h* *'v 

huh*' 

•a'ni bv 

' t.hr 

t >f v t m nrt •» iiu; 1 

uf rr\ 

t ! v 

rut- 

rm" rr.arfint 


Bui fit*" lull 'U*.UiHjr«UU v ut * hr !af/r rUnVU.f i! if !t tt ■!' \ it; *, hr Ilf!' 
riivuil if* >* ’! i liiil *.m liavr J »r*-n rlraH y a amnlauM, 

1 ’>j•, BUiUiiiriMr a.i* * ■*. *a 'hr * trtr' f :a; *!;,*" •i". a • -una , 
runvnf bnlmvM in flu- ft rbl * *j vtrh v ivnm h a n< mntvUrr. ' h» 
jvnnlf anf tins. r» at -a anl ayainV fbr mv* V ry aujiao:;*- n';u ! u' ; 
Hu* ifulurt imi m| i.hv. rumva m f hr hrh!, V rv*-' *V, v ** rbr.rn 
anal* nfi-ttl". In ainyur I ran;’* 'tv vr a» 1 t* a; * na* "a*’ mn:< • •; m* tf - 
flmv llmmyb fhr hula; r.rlt huiurftvr rmiMa* »-■ fu-M » m UV 
ttlitV !«* UMjr'.if!»■*> ! »! rqu* Valrjv in a • M n,,. Mr' IvM 
mnlt if »Hrtl Jr; lip- jtlaiv *4 flip rathi *»’ * ran . i» an :n? -<u V* ' Ja 
primary nr anuafnrr ninth, mi jj 


.V»- 

J'r 

at f. 

un» -r 

• *4 

ilr 14 

ri 

rmi* 

rr'Bnrrr} 

ft* al'Tr; 

a* tmu 

,V |. 

IV 

art, 

a in v 

■ i if 

r * j h 1 

V 

i Ul|"r 

n* irtlb 1 .; 

in mu 

2t riivs 



ni.t 

/i.; ri 

, tv- 

4t!. r 

4 

1m an 

mat ttf* lt 



*1 

t r 

art 

a In v 

• n- 

yn ■■■,»■ 

! i. f 

my *J 

Trir,r m' 

t fMfal 

f"r :.u!U' 



tin* 

■■Ui 

* • f ;»/ 

iyi » 

li 

'■iiuhniu atv! 



V, 

l n 

,itr- 

n iA 

1 > a 

, I' ■ a * ! 

i ■» n 






Mm* ,|!uj 1,, air Iiiilv rljrrinr BunUU fhr Ira?rami ] 4u.il* 1 mmUMl: 

Mf whtit* ahnnal my vn* mp nultlrtul tU lhr fmU!, fill:- nptaf t» !; 
far fit*" jjirt'm.»4*'Uf f.iit'r.r■■plmrr nmuhltryt tmtnrr\- t-M 

u . .v$ r \+/ . m §' 


lit 

i hr 

i' r * li '.r tl :i; 4 » it 

i fra*a, 

tilirr * 

ifnl y ha 

hr ril nat 

rnlrfr»1 

l! !., 

t*t ♦»an ,i 

r, rutin;* ?! 

hal f !tr 

hrhi 

rttvuit. 

ar;4 *■ y* i \ 

alia flu 

tiihi 

* lit irnf ? 

II r u 1 1 ”, !#r-.. 


Mtlrrat 

4* nvf. 

a ;tnn' an* t 

that* »r 

!U* It'r 

BiititsV- 

,!nun nr - rv 

■ ,.isi.-a. 

iivr-v; 

a. ■* ■■■ i f a . 

..nil.* hr I 

tavu! Mi; 

1 hr- i 

an « it tn* 

? vnt*r4*i*U <. 

Hh* 

af an 

.: ■ rfV , 

uni mi lunaf 

rlrn nr 






DURGIN ASP IVlUrEIIiwW: 


1(364 /; URG1N A sn 117// TEUEA />: iJmu* 2S 

have been obliged to assume that as the known armature resist¬ 
ance of 0.03 ohms is negligible, the* values, os n»lumn * , 1 able I, 
represent true transient reaetanee. and in the rases dismissed 
below, to treat the total transient resistance as negligible or as 
replacing an unknown part of the external resistance. 

(a) The Maximum and Minimum i'urrenfs Elmant* I'hmnoh a 

12,000-Aw. Turbo-Alternator 117/// and Without i\xin mil 

Reactance Coils , Under Various Short A 'ircuit (Conditions, 

One of the principal advantages of considering all the armature 
reactions as a single transient, reaetanee, practically constant 
during the middle third of ilu* first: cycle after short, circuit, lies 
in the fact that the short circuited armature then heroines 
strictly analogous for this period to a circuit possessing the same 
resistance and reactance upon which is impressed a constant 
e.m.f. equal to the nominal generated voltage e u leorreeind tor 
magnetic saturation). The current in such a circuit b given by 


COS 1 0 $0 - - 0\ 1 t - 1 e< »s i () u f • if j | 


in which equation, as applied to the short -circuited armature, 

E m = maximum nominal generated e.md, fcorrected for satur¬ 
ation). 
z = V r 4“ x” 

r transient resistance ( resistance of external circuit, 

,V = X T + Xnt 

0 = time from instant of short circuit. 

do = phases of pressure at instant circuit b closed, in fei nt, of 
0 from equation e ■ E m cos if) fl M t or the time 

angle to the nearest positive E m 


Considering first the ease where r is negligible with reap 
to x, equation (6) reduces to 




and gives maximum values for / when (h l or when th 
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short- cm• uit occurs at the zero point of the e.truth wave, for under 
these era it lit ions. 



,v 


this 1 H-iur. the same value as obtained front the original Theory 
with the initial wave completely above or below the time axis 
(equation 2.) If the short circuit occurs at (hi ■ ti or$«“-7r f 
on the oilier hand, equation heroines 



that is, the minimum initial peak of the minimum phase when 
the short circuit lakes place at the peak *4 the impressed e.m.jh 
wave for this phase.* ruder these conditions the current wave 
is symmetrical about the lime axis and the maximum is one- 
half that obtained when the wave r, completely displaced, 

The test re*.uIt■: are in satisfactory agreement with this last 
relation, the lower solid hue of Ftps, I. H and 1 betnp plotted 
for values one-half those <4 the upper line. The fact that a few 
points fall below the limit indicated by the theory is probably to 
by explained, aside from the unavoidable inaccuracies of used to* 
r.raph measurements, by variation in the resistance of the ex ter* 
nal circuit. The importance of maintaining this resistance 
constant did not appear until the tests were completed, and in 
consequence, as the contacts of the oil circuit breaker used to 
open the short, circuit became pitted f a resistance uses introduced 

Minis,if peak b used tluoapjaml this paper *0 mruimtig fbo highest 
peak cH'tiiirirsg in the fir&t cycle. 
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in each phase varying from several hundredths to perhaps a few 
tenths of an ohm as indicated by oscillograms of the pressure 
drop across the several contacts. The higher figure is by no 
means negligible in comparison with the reactance of the circuit 
and, together with the. unknown transient resistance, introduced 
considerable variations from the ]mrely reactive impedance 
assumed. 

Pig. 5 shows the effect of various external reactances up to 
20 per cent in reducing the current of one of the 12,000 kw. 
generators under short circuits of negligible resistance as cum- 



Pig. ft—M aximum Initial Peak Values oi* c'ckkknt through 
12,000-kw. Alternator at 9000 Volts on R.xternal Three Phase 
Short Circuits of Zero Resistance and Various Reactances, 

puted from equation ( 2 ), the actual test values being plotted as 
circles. It is interesting to note that whereas an increase of 
external reactance from zero to 6 per cent results in a decrease 
in current of about 45 per cent, an increase from ti per rent to 
10 per cent external reactance gives only about. 12 per rent, further 
decrease of current. 

If the resistance is not negligible, the analytical solution of 
equation ( 6 ) for maximum i becomes difficult and the investi¬ 
gation is carried out most; readily by plotting various families of 
curves. For this purpose the variables of equation (6) may be 
grouped: 
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and it is apparent, therefore, that under all circuit conditions 
the maximum current is obtained when the short eireuit occurs 
at the zero value of the corresponding e.m.f. waved Front l'i;s 7 
too, it is seen that the maximum value of (10) for any value of 
$u H~ Ou is in no ease more than 2.5 per cent greater than that 
obtained for Ow h 0\ x, and as, when 0# f f/ 5 is made equal to 
x, the maximum value shown by Kip. f> for any value of 0 is 
not more than O.a per cent greater than the corresponding value 



Inn. 7 Values or \\ Hoc vi p>\ 110), h»h Ait, Vmu , »u fl u f W» 
x ,, 

FROM ;p TO X, A NO R ECHEsEN IAt IV F \*AM ES or Will A 0 It \s M I If 
*" .V 

Value as to Make V \ Maximum. 

when 0 » x, hy taking both | ffj and $ equal to x we maty 
obtain a simplification of equation (6) which will result in values 
of 2J within 2 per cent or 3 per cent of the absolute maximum. 
So simplified, 



An analytical demonstration of this fact is given in Appendix A. 


(11 
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(//) -The Maximum and Minimum Currents into Various ( tosses 
of Faults from a System Operating Several 12JHH) A%v. I nits 
in Parallel. 

With, n units in parallel, feeding a. short eirenk beyond the .‘In 
lion busbars, equations (11) and (12) lake I hr hums 



The assumption that the transient resistance term is negligible 
as compared with the external resistance, however, heroine; more 
nearly true as n increases, so that for several units these equn 
lions may be simplified as 



n Tfu 
x 



and 


/ to 
* m 




V -i (() 


(16.) 


Ufij 


From these latter equations the curves of Fig, U for fix e lU.tHMt 
lew. units in parallel are plotted similarly to those given in 
Fig* 8 for a single unit. With a three phase short circuit, on a 
standard 250,000-rir. mil cable fed from a live unit system, if 
the breakdown is a mile or more from the station, the denra e 
in current due, to (> per cent external reactance coils is, negligible 
and no transient term occurs, this critical distance being our 
fifth that which obtains for a single unit. Hut for an appreciable 
resistance the three-phase short-dreuit current of five units is 
considerably less than five times that of a single unit, so that 
although up to about two ohms per phase resistance those ef'le* ta 
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of a breakdown whirl), depend only on the amount of current, 
increase in seven!y at the fault and in tin* feeder switch with the 
number of units in nervine, the efleet on the individual unit:; 
decreases as more units art* operated in parallel. The applies- 
lion of th<*se stutements to a breakdown from phase to ground 
depends on the scheme followed in operation. If. as is usual, a. 
single unit is earthed, that unit lakes tin* entire short-circuit 
current and this is practically independent of the number of 
units on the bus. If, however, all units are connected to a 
neutral bus which is earthed through a neutral rheostat the total 



Fio. *f fawns m T*>i \\ rnnocvr oumtsui Himur Fin mn **i 
Vaniuus Ri si'si M to Srrrrnm irv Five UFUntl k\v. Aumnuouh *\ 

F MCAI J Ho 

Will* iiiiil rt'CliMHi Uir junIO I|m|| m t l| jirt r**o *wt *• » »*U": *.m rur.h •. 


short circuit current will lie independenf. of line number of units 
and tin* strain per unit inversely as fins immkrr. 

(c) The. Maximum Crass ('urrents Ohio i no Me when l*tmtllelini j a 
12.000 /.’vc, Centra tar to a System Ojnraftai* several sink (huts 
in Parallel* 

As a special case of the the parallel operation of units, we may 
consider the cross currents flowing when an additional unit is 
connected to a bus supplied by n similar units, Here r m 
is zero, r t is negligible and the e.m.f., assuming tin* pressure of 
the incoming unit to lie C«|ua! to that of the Inis, is twice the bus 
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gives the approximate maximum of the maximum phase, * the 
minimum initial peak of the minimum phase being given by 



z 


( 12 ) 


Applying ( 11 ) and ( 12 ) to the 12,000-kw. generator with no 
external reactance, the upper double branched curve of 
Pig. 8 results, the two branches showing the decrease in 
the range of possible values for the initial peaks of the 
three phases as the resistance of the short circuit is increased. 



RESISTANCE 

F IG . 8—Limits of Current through Short Circuits of Var¬ 
ious Resistances, Supplied by a 12,000-kw. Alternator. 

Both when the unit is protected by 6 per cent reactance coils and when 
it is connected directly. 


It is noteworthy that a resistance of one ohm per phase eliminates 
the transient term entirely, both for this curve and the lower 
double branched curve showing similar values when 6 per cent 
external reactance coils are included in the circuit. That is, 
for resistance greater than 0.8 or 1.0 ohm all three phases have 
equal initial peaks, or we have a simple a-c. phenomenon. As 
the unit is earthed through a 2.5-ohm neutral rheostat, cable 
breakdowns or faults from phase to sheath are thus purely 
a-c. phenomena, and from the closeness of the upper and 
lower curves of Fig. 8 at the 2.5-ohm point, are unaffected 
by any practicable amount of external reactance. 
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pressure, multiplied by the sine of .one-half the phase angle 
between bus and the incoming unit. Taking the worst case ,|when 
the unit is thrown in 180 deg. out of phase and the switch closed 
at the zero value of the pressure waves, 

r » 2 (2 EJ) 

X+ n (17) 

and the numerical values applying to the system under discus¬ 
sion for external reactances from 0 to 10 per cent and n from 1 to 
oo are shown in Fig. 10. 



Fig. 10— -Maximum Initial Peak Values of Current when a 
Single 12,000-kw. Unit is Connected ISO deg. out of Phase to a 
Bus Supplied by any Number of Similar Units. 

Each unit equipped with external coils haying from 0 per cent to 10 per cent reactance. 


At the Fisk Street station with four units previously operating, 
the 6.3 per cent reactances installed would only limit current to 
26,000 amperes in? the worst case of synchronizing. This, while 
little more than half that obtained with no external reactances, 
is still probably quite sufficient to wreck the incoming unit. 
Although, therefore, reactance offers considerable protection 
against poor synchronizing, no amount considered in any of the 
installations yet made will give complete security. 

(d) The Instantaneous Torque Developed by the Maximum Short- 
Circuit Currents of (a) and (b). 

Applying 'the conception of transient impedance to the investi¬ 
gation of the maximum instantaneous torque which tends to twist 
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or spring the shaft or to strain the entire armature of a short- 
circuited alternator, we obtain the very simple formula 



(EJ ) 2 




( 18 ) 


For when r = r T + r ext the torque is evidently the sum of the i-r 
losses for the three phases, and in a three-phase short circuit 
through any reasonable amount of external resistance r T may 
be taken as equal in each phase, making, 


w ° = r j |~ cos(0-0 o -<9i)--e~* "cos (0 O + 0i) J 2 ' 

+ £cos (0 — 0 o — 0 i—cos ( 0 O+ 0 1 + 2 JL )] 

+ |^cos (0 — 0 O — 0i — — e~~x 6 cos (0o+0i+if)] j- 

( 19 ) 

Expanding these expressions and reducing by the formulas 
given by Dr. Steinmetz in “Engineering Mathematics”, page 105, 


*° = | ' [ (cos 0 - e * ')* + sin 2 0 ] (20 ) 

This expression does not contain 0 O , or, in other words, the 
torque is entirely independent of the point of the pressure wave 

at which the short circuit occurs. Furthermore, the transient 
term becomes practically negligible for — = or > 4 and (20) 
then reduces to 


Q CP 0^2 

^0 = 2 - S&lL f = 3 EI cos Oi, 

Z z & 

the fundamental power equation of the three-phase circuit. 
To obtain W m °, the latter part of (20), 



+ sin 2 6, 
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may be investigated graphically as is done in Fig.- 11, where the 
solid lines represent the values of the expression for various values 

0 f _L_ f rom 0 to . the dotted lines showing the component 
x 

terms for —— = 0.2. Here again, as in the case of the current 

X 

curves of Figs. 6'and 7, the peaks are so flat that the absolute 



Fig. 11—Values of (cos 6 - el 6 ^ 2 + sin 2 0, Equation (20), 

T 

for Representative Values of —and All Values of 6 from 0 to 7r. 

.v 

maximum! orque is never more than 4.5 per cent greater than the 
torque for d = t and hence, for all practical purposes, ( 20 ) 
may be written as in ( 18 ) . It is interesting to observe that this 
equation can be derived from the three-phase power equation 

wntten in the form W = — J m 2 r by substituting the approxi¬ 
mate value of I m ° given in ( 11 ) . That is, the maximum transient 
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torque is the same as the constant torque of a three-phase circuit 
in which the I m of the sine current equals the maximum possible 
peak of the maximum phase under short circuit. 

Using in equation ( 18 ) the values of x for the 12,000-kw. 
alternator, the curves of Fig. 12 are obtained, showing the de¬ 
crease of torque with increase of resistance. For any given 
resistance, the decrease due to the addition of 6 per cent external 
reactance is equal to the difference in ordinates of the upper 
and lower curves and is directly proportional to the decrease 
in the square of the current. The end turn stresses in the arma¬ 
ture winding are also proportional to the square of the current, 
so that in any specific short circuit all stresses on the alternator 



Fig. 12 —Maximum Instantaneous Torque Developed in a 
12,000-kw. Alternator when Subjected to External Short Circuits 
of Various Resistances and of Zero or 6 per cent Reactance. 

-Each of five units in parallel. - Single unit system. 


are reduced in the same ratio by additional reactances. But 
the maximum possible end turn and torque stresses do not occur 
simultaneously, for the maximum current flows with minimum 
transient impedance, or in a zero resistance bus short circuit, 
while the maximum torque results when some considerable 
resistance—the exact value depending on the simultaneous 
value of the reactance—-is in circuit. In the case considered in 
Fig. 12 the possible maximum torque is thus reduced only 45 
per cent by 6 per cent reactances or directly as the maximum 
current. This variation of the maximum possible torque in 
direct proportion to the short-circuit current at zero resistance , 
as suggested by the last statement, or in other words, a varia¬ 
tion of the maximum torque inversely as the total reactance .u 
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so that maximum W m ° = -, is found empirically to be a true 

x 

property of equation (18) by plotting curves as in Fig. 12 for 
other values of x. The current curves of Fig. 5 may thus be 
redrawn to show the percentage decrease in possible maximum 
torque, as well as in short-circuit current, secured by the use of 
various external reactances, as is done in the upper curve of Fig. 13. 
The lower curve of this figure showing the corresponding decrease 
in end-turn stresses is plotted to the same scale, but the great 
difference in the actual magnitudes of the end-turn and torque 
stresses must be kept in mind. Thus, with no external reactance 
the torque is 7.9 times, the short-circuit current 27 times, and 



Fig. 13— Maximum Short-Circuit Current, Maximum Torque 
and Maximum End-Turn Stresses in a 12,000-kw. Alternator, under 
Short Circuits of Various External Reactances. 

Plotted in percentage of values without external reactance. 


the end-turn stresses 729 times, the magnitudes existing at full 
load. Hence, although the end-turn stresses are reduced 69 
per cent by 6 per cent reactance coils, and the torque but 45 
per cent, the torque is 4.3 times full load, while the end-turn 
stresses are still 226 times normal. Indeed, even 20 per cent 
reactance coils leave the end-turn stresses 58 times normal. 

As, however, external reactances have a large percentage effect 
in reducing end-turn stresses, the introduction of reactance coils 
evidently gives great protection to end turns even though still 
leaving these stresses large, but in lessening mechanical shock 
and retardation of the generator the percentage effect is con¬ 
siderably smaller and thus the protection much less than has been 
claimed. 
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1/Vith. ft units in parallel supplying a short circuit of fixed, resis¬ 
tance the torque on each unit is equal to that produced in a 
single unit short-circuited through n times the given resistance. 
The lower dotted curve of Pig. 12 thus shows the torque on each 
of five machines protected by individual 6 per cent reactance 
coils and short-circuited through various external resistances 
(the upper dotted curve showing similar relations for five units 
without reactance coils). Comparing the corresponding curves 
for one and five units it is seen that the answer to the question 
as to whether a unit will receive a more severe shock on a short 
circuit when it is operating alone or in parallel with other units 
depends entirely on the particular short-circuit conditions. 
For station short circuits, including cable breakdowns within 
a short distance of the station, the blow per machine will be 
much more severe with five units than with one, while the total 
power to be interrupted with five units—given by five times the 
ordinates of the dotted curves—may reach 265 megawatts with 
6 per cent reactance coils as against the 53 megawatts which 
can be supplied by one unit. For short circuits of more than 
0.25 ohms resistance the blow per machine with five units in 
parallel rapidly becomes less than that with a single unit, reaching 
full load torque for a short circuit of 1.4 ohms, at which point a 
single protected unit would experience a torque 3.5 times full 
load. With resistances of three or four ohms per phase, magni¬ 
tudes, that is, corresponding to substation short circuits, the 
total power to be interrupted, which has now decreased to about 
20 megawatts, is practically the same with five units as with one, 
and the blow per machine with three or more units in parallel 
is hardly more than may be met in normal operation. 

In review it will be noted that all the conclusions of this 
paper are based on two assumptions; first, that the transient 
reactance is constant at and near the middle of the first cycle; 
and second, that when this reactance is introduced in equation 
( 6 ), true current values are obtained at and near 6 = t. The 
first of these assumptions is discussed under the heading Tran¬ 
sient Impedance. The second remains to be validated. The 
dotted curves of Fig. 14 represent the simultaneous three-phase 
current waves taken from oscillograms No. 317 and No. 318 
made in test No. 190—a three-phase short circuit at 9000 volts A 
with 6.3 per cent external reactance coils. Considerable dis¬ 
crepancies, due to the oscillograph, to current transformer 
distortion, or to other errors in measurement, exist in one or all 
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of these wave forms, as is shown by the dashed curve which 
£ 0 pj*£sents the sum of the dotted curves for A and B phases and 
should, therefore, coincide with the dotted or oscillograph curve 
for C phase, and these discrepancies must be remembered in 
judging the agreement between the oscillograms and the theory. 
From the oscillogram of the generator pressure (a curve not 
shown in the figure) d a for A phase is found by actual measure¬ 
ment to be-72 deg., and substituting this figure and appropriate 
figures for B and C phases in equation ( 7 ), r being assumed negli¬ 
gible and .v = 0.924 ohms, the full-line curves of Fig. 14 are 



Fig. 14 —Agreement of Equation (7) with Oscillograms. 


obtained. A considerably better agreement may be secured 
by trial, using various values of r, but at the 180-deg. point the 
coincidence shown in the figure appears quite sufficient for all 
practical applications of the work. 

These curves are fairly typical of all those investigated, 
and although the variations of the oscillograms from the 
mathematical curves show that the reactions are much too com¬ 
plex to be perfectly represented by a simple law of variation 
for the transient reactance, it is believed that the two main 
assumptions of this paper give a practical means of closely predict- 
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ing from a single low-voltage short-circuit test the transient 
reactions of an alternator. 

Appendix A 

To demonstrate that the equation 

i = --- j cos (6 - 9 0 - Bi) — e " T 6 cos (0 O + 0i) [ 


7T 

gives the maximum value of i when d Q = ^ or when the circuit 

is closed on the zero point of the e.m.f. wave for all values of 

randx. Let — = cot di = K a constant in any specific case. 
x 

As d and 9 0 are independent variables the expression is a 
maximum when ~ g -- and ^ ■ are both equal to zero, but 

AL = cos 00 Sin 0! ] tan 0 O [[if «-*'-.K|cos 0-sin 0 ] 

-f £ e~ KS — cos 0 + K sin 0 J j- 

and .*. when 

di A n — e~^ KG + cos 6 — K sin 6 

JF, = ’ tan '°° ~ K e- K0 -K cos 0 - sin 6 


= [ — rN — h-- 1 -' -~1 ] tan 00 f-K e~ Ke - K cos 0 - sin 01 
d 6 [_ K — tan 0oj J ( L J 


- K 2 e ~ Kd —cos 0 + X sin 


and .'. when 


d i _ a _ j f 3 e~ Kg + c os 0 — X sin 0 

T0" = °’ tan Wo ~ l e- *» - X cos 0 - sin 0 
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Discussion on “ Operating Characteristics of Large 
Turbo-Generators ” (Field), and “ The Transient 
Reactions of Alternators ” (Durgin and Whitehead), 
Boston, Mass., June 28, 1912. 

H. M. Hobart: I consider Mr. Field’s paper to be an excellent 
statement of the situation in regard to turbo-generators. Devel¬ 
opments of the last few years have made it quite necessary to 
introduce considerable deviation from what was formerly con¬ 
sidered the best design. This has come about largely from the 
necessity for better construction because of the stresses due to 
the large short-circuit currents, and for other reasons. 

My attention was attracted by the last paragraph of the 
paper, in which Mr. Field recommends the avoidance of handi¬ 
capping the design of the alternator to any extent as the result 
of incorporating the ventilating fans in the design. I am strongly 
inclined to believe that he is quite right. It always seems to 
me that a characteristic feature of almost all engineering methods 
is that the engineer’s work will be more in accord with the strict 
commercial line of progress when he is free to let each element in 
the engineering work be adapted to its own particular purpose. 
In large work at any rate, this policy is generally in the interest 
of true commercial economy, and I believe with Mr. Field that 
it will often be preferable, where the generators are of very 
large capacity, to provide completely independent ventilating 
apparatus. This plan has various advantages. If we try to 
incorporate the fans, we handicap the design of the alternator. 
The design of the alternator cannot be quite as good as if that 
requirement was not in the designer’s mind. Moreover, if the 
ventilating apparatus is distinct from the generator, that ap¬ 
paratus also can be made more efficient and appropriate. 

Occasions will often arise where a centralized ventilating plant 
can be successfully employed. One reason for that, as Mr. Field 
suggests, is that the air can be treated before it is sent on its 
way to the machine. Great developments are in store in this 
direction. It is a very important matter indeed that the air 
should be thoroughly cleaned. That can be best done as a 
separate, department of the business. The humidity of the air 
may also with advantage be controlled prior to sending it on to 
the ma chin ery through which it is to be circulated. Moreover, 
there are many otherwise fine stations which could be distinctly 
improved were the air taken from outside, as of course is done 
in many other stations, circulated through the machine, and 
sent—not into the engine room—but again outside, at any rate 
in man y seasons of the year. In those seasons of the year where 
it would be useful to have it sent inside, it could be readily 
arranged. So that from every standpoint—from the standpoint 
of getting the very best generator for the money spent on it, the 
very best fa ns for the money spent on them, from the standpoint 
of having the air clean and in the most appropriate condition 
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before entering the machine, and from the standpoint of having 
the most appropriate condition in the engine room, Mr. Field’s 
suggestions are excellent. 

B. G. Lamme: I wish to make a few general remarks on the 
paper of Messrs. Durgin and Whitehead. It is now, I believe, 
pretty generally accepted that all large alternators should have 
considerable reactance. You should put all you can inside, and 
if that is not enough, then put some outside. In some types of 
machines it is difficult to get enough internal reactance. There 
are some advantages in both arrangements. For instance, if a 
short circuit occurs in one machine, an outside reactance between 
the machine and other machines will protect the other machines. 
On the other hand, if a short circuit occurs at the winding of 
one machine, you may save that machine by having a high 
internal reactance, regardless of the other machines. A good 
proportion of the short circuits that occur in turbo-alternators 
are in the end windings and, in many cases, in the terminals. 
In those cases, if a ground occurs on the machine, the internal 
reactance may still save the winding and it may damage the 
machine only slightly. If a machine has very little internal 
reactance, then in the case of an internal short circuit or ground, 
the whole machine may be ruined; so there are some advantages 
in having considerable internal reactance, and also some in 
having additional reactance for protection against other machines. 
I am a great believer in having high reactance in the machine, 
and also, wherever necessary, in putting some outside. 

In connection with the effect of armature short circuits on 
the field winding, in the New Haven Railroad powder house, when 
we first installed the generators, we had many short circuits on 
the trolley system, and we had more trouble at first in the gen¬ 
erator field windings than in the armatures. Some of these 
troubles consisted of short circuits or grounds which we could 
not explain for awhile, but later we discovered that they were 
due to the high voltage generated in the field windings at che 
time of the short circuits on the line.' We then put a low-resist¬ 
ance shunt across the exciter circuit. That helped matters. 
Somewhat later we equipped the rotors of these machines 
with very heavy copper dampers, of the cage type; after that all 
trouble with field windings disappeared. That was four years 
ago. The dampers on the machines have suppressed the voltage 
rises, as was expected, and the field trouble has entirely dis¬ 
appeared, thus showing the effect of the cage damper in protect¬ 
ing the field winding. 

P. M. Lincoln: I note that Messrs. Durgin and Whitehead 
in their paper have developed a formula by which they may 
obtain the maximum current in a short circuit and also the 
torque that is developed by the short circuit. I am not prepared 
to discuss the accuracy of this formula because I have not had a 
chance to study it sufficiently, but I would like to ask whether 
or not any of the members have really come across any diffi¬ 
culties due to the torque which has been developed on any 
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generators due to short- circuits. Generator shafts are usually 
so constructed that the amount of torque which can be trans¬ 
mitted is very much in excess of normal full load torque, and 
there is so much excess that, so far as my experience goes, there 
is sufficient so that, whatever abnormal torque is developed by 
short circuit or any other condition, there is no difficulty. 
This formula, I believe, gives a comparatively small excess 
above full load torque as the maximum that can be obtained, 
amounting to perhaps two or three times the normal full load 
torque. This seems to bear out the experience stated above, 
viz.: that no difficulty may be expected from the torques due 
to short circuits. 

Henry G. Reist: Some years ago, when we did not fully 
appreciate the stress of the high current that we get in generators, 
we had an experience with a generator which did shear coupling 
bolts, and I think there must have been nine or ten times the 
normal torque in the machine in order to have done this. Of 
course later machines are designed very much more cautiously 
and do not cause any harm. But there is no doubt in my mind 
that the torque in the older machines in the case of short circuits 
went up as high as ten or twelve or perhaps fourteen times the 

normal torque. . , , . , 

B. G. Lamme: In regard to the point Mr. Lincoln has raised 
regarding the torque, it may be said that the torque is developed 
in the alternator itself, but the transmission of this torque to 
other parts is a question of how much of it will be absorbed in the 
alternator rotor itself and how much in the other parts. In 
large high-speed turbo-alternators the rotor will absorb con¬ 
siderable of it. I know of one case of a turbo-alternator that 
had a special coupling on it, that was figured out to stand a 
max imum of three times the rated load. That machine was 
subjected to severe short circuits frequently, which in several 
cases affected the armature winding, yet the coupling was 
never injured. 

Henry G. Reist: I think that might be true on some 
machines, but on a steam turbine generator the effect is large 
in comparison with the revolving part of the generator, so 
that a short circuit on the generator would transmit a great 
deal of stress to the coupling. . . 

B. G. Lamme: The case I refer to was an engine-driven 

generator. ...... 

Henry G. Reist: On engine-driven generators I might state 

that I have not found much sign of excess. . 

In regard to Mr. Field’s paper, I heartily agree with the 
author and I would like to add that the engineers of this country 
should, I think, as rapidly as possible, filter the air for turbine 
alternators. It is done, if at all in this country, practically on 
a very small scale, but it is a matter of very great importance, 
a method of great merit, and this country is far behind what is 
being done in Europe. It is the almost universal practise, 
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abroad, to have the air for cooling turbine alternators filtered 
through cotton cloth filters. I think it is open to question 
whether the form of filter that they use in Europe is the best 
or whether some other form may not be better, but it seems to 
me it is a problem that American engineers should work out 
and then adopt the method which seems to be best adapted 
for the purpose. 

Comfort A. Adams: There is one point that I wish to consider 
briefly; it relates to the internal and transient reactances. 
The difficulty in dealing with the internal or leakage reactance of 
an alternator armature is twofold. Not only is this term very 
loosely defined and loosely used, but the quantity, when once 
defined as accurately as possible, is still practically impossible 
of even reasonably accurate measurement, unless defined in 
terms of the results of some specific tests, in which case the result 
is pretty sure to involve different phenomena in different types 
of alternators. It is even more difficult to compute than to 
measure, and there is no accurate method of checking the com¬ 
putations. For example, I seriously question the estimate of two 
per cent as the reactance of the machine in question. Ordinary 
short-cut methods of computing the leakage reactance are likely 
to give very erroneous results when applied to an extreme type 
of alternator such as that referred to in the paper. A method 
which serves very well for one type of machine may be useless for 
another, unless it is completely rational. For example, any 
method which groups the coil-end reactance with the slot 
react an ce on the assumption that the former is relatively small 
or that it bears a fixed relation to the latter, will yield much 
too small results for this type of machine, since the slot reactance 
is inversely proportional to the peripheral velocity, other things 
being equal, while the coil-end reactance is roughly proportional 
to the ratio of pole pitch to gross core length, and otherwise 
independent of the frequency and peripheral velocity. There 
would thus be a comparatively small change in the coil-end re¬ 
actance in passing from an engine-driven alternato with a peri¬ 
pheral velocity of 100 ft. per second, to a turbo-alternator at 
400 ft. per second, while the slot reactance would be reduced 
to about one-fourth. This large change in ratio is only slightly 
neutralized by the considerable reduction of coil pitch common 
to bipolar machines, since this change affects both elements in the 
same direction, but the coil-end reactance in the greater degree. 
The belt leakage also becomes quite appreciable at high peripheral 
velocities, although it varies tremendously with the coil pitch, 
being a maximum at full and two-thirds pitch, and a minimum 
(practically negligible), at | and| pitch, for a three-phase machine. 

It should also be observed that the definition for x F given 
in the middle of page 1663 is merely descriptive or qualitative 
rather than workably quantitative, owing to the serious difficulty 
in defining and computing the field reactance, or what might for 
the present purpose be more appropriately designated the 
equivalent field reactance. 
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A question has been asked in this discussion as to the cooling 
effect of moisture in the air supplied to a piece of working 
apparatus. I have had recent opportunity to observe a case 
where the temperature rise of a machine under test was reduced 
eight deg. cent, or 25 per cent by the presence of considerable 
quantities of condensed steam in the air supply. . After. the 
air had passed through the machine there were no visible signs 
of the moisture, which had obviously evaporated. . 

A. B. Field: It is very satisfactory to find engineers of the 
experience of Messrs. Hobart and Reist standing out for air 
filtration in turbo installations. There seems little doubt that, 
if our manufacturing companies will strongly. advocate the 
adoption of such processes, the operating engineers will be 
only too ready to see the advantages and install suitable 

^Professor Adams has referred to the reactance introduced by the 
end connections of the stator winding. A considerable propor- 
tion of the reactance which is effective on a sudden short circuit 
is due to the part of the winding external to the core. However, 
in large two-pole machines, it is generally not feasible to adopt 
a coil pitch which is equal to the pole pitch, or even nearly so. 
The length of coil external to the core is already much greater 
than that of the buried portion, even when the coil is chorded 
considerably; the difficulties of satisfactorily clamping the 
ends increase with too great a coil throw; the rotor span, between 
journal centers, becomes lengthened, and further, in those cases 
in which complete coils are used instead of half coils, it is neces¬ 
sary to proportion the coil so that it can be passed through the 
bore of the stator for assembly purposes. 

Sanford A. Moss (communicated after adjournment): Ex¬ 
ception must be taken to Mr. Field's statement that it is diffi¬ 
cult to provide for efficient and satisfactory blowers mounted 
directly on the rotor. Considerable experience with direct- 
mounted blowers of the type shown* in Fig. 20 of the paper by 
Messrs. Hobart and Knowlton, The Squirrel-Cage Induction 
Generator , shows that they can be made very satisfactory. 

Blowers of this type, if properly designed, and if made with 
proper diameters, blade angles, etc., can be made fully as efficient 
as any separately connected blower, and often more efficient. 
The peripheral speeds are, of course, very high, but with proper 
design of blades this does not serve in any way to decrease the 
efficiency. One fact which makes a properly designed direct- 
mounted blower more efficient than a separate blower is that 
there are no separate rotation losses. The blower, being mounted 
directly on the rotor, has no disk losses of its own. Actual tests 
of machines with carefully designed blowers of the type above 
referred to, first with blower vanes removed and then with vanes 
in place, show that the increased power required for driving 
bears a very favorable relation to the theoretical power required 

♦See this volume of the Transactions, page 1743. 
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for compression of the actually measured volume of air to the 
actually measured pressure. 

The room taken by the blower itself is negligible and does not 
increase the length of shaft in the designs referred to. There must 
always be a certain space left for proper passages for carrying 
the air to the various parts to be cooled. These air passages 
must exist whether the blower is directly mounted or separately 
mounted. They, of course, take up some room, which is inevit¬ 
able and due to the necessity of ventilation, not to the direct 
mounting of the blower on the rotor. * The use of air filters 
with the direct-mounted blower is as convenient as, if not more 
convenient than with separate blowers. In all cases air should 
be taken from some outside source by a conduit leading to the 
blower inlet. It is very bad practise to take air directly from 
the engine-room even with a direct-mounted blower. The air 
filter can, therefore, be placed at the beginning of the conduit 
leading the air to the blower. 

The method of ventilation by use of a high-pressure jet which 
Mr. Field mentions would be very inefficient. Most schemes of 
moving air by injector action entail large losses. 

H. R. Woodrow (communicated after adjournment): I would 
like to ask the question why the reactance of the field circuit and 
the reactance of eddy-current paths on contiguous metal masses 
reduced to armature are to be added, since they are in parallel? 
And also, is the reactance in the exponential function the value 
called “ transient impedance”? 

The maximum instantaneous torque is not the sum of the 
PR losses of the armature, but many times that value, since 
there is considerable energy required to build up the field of the 
armature reactance. Also the field current rises to enormous 
values, requiring energy from the generator. 

Assuming that equation (6), in the paper by Messrs. Durgin and 
Whitehead, is correct for the armature current, although it cannot 
hold true for any appreciable length of time (1 to 2 cycles), that is, 

■p — — 8 

ii— - [cos (0 — 0 0 —0i) — e * cos (0o + 6 1 )}, 

z 

where the voltage is 

ei = E cos (6 — do), 
the instantaneous power is equal to 

7-2 8 

pi = £ifi=-cos (6 — 6q) [cos (0 — 0o — 6i) — e x cos(0o + 0i)] 

z 

or, for any phase a in an n-phase machine, 

E 2 / d a , 2 ir a \ 

Pa = e a la = - COS I 0 — 00 H-I 

s \ n J 
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The total instantaneous power on the shaft is the sum of that 
on the individual phases: 

a=(n~l) 

P — &a ia 

a = 0 

which reduces to 

r q 

£=|—*[ cos(0i)-0~* cos(0+0i)] 

Jj z 

If z is represented in per cent, and on non-inductive full load 
- —o 

z = l, cos0i = 1 and e * =0, and the full-load power P is 

P-IkS or K-IJ- 

Hence the instantaneous value of power in terms of full-load 
power is 

p - — 0 

p = —— [ cos di — e * cos (6 + 0i)] 
z 


and 


cos = 


Then 


P = JL jj- _ <="* * cos (0 + 0i)] 


and the instantaneous power is independent of the point of the 
voltage wave at which the circuit is closed, but is pulsating in 
magnitude so long as the transient expression of current exists. 

Assuming the expression for current to hold true for the first 
cycle, and a condition where 

X 

x = 10 r, 2 = 7 per cent, 0 1 = tan" 1 — = 84 deg. 18 min. 
and 

p = [0.1 — e -0 - 1 0 cos (0 + 84 deg. 18 min.)] 

the instantaneous values of power or torque will be as shown in 
Curve 2, on the following page. 
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To determine the maximum point of the torque, differentiate 
the above expression with respect to time 8 and equate to-zero. 


IP 

d 6 



cos (8 + 9 1 ) + € 


sin (8 + 8i) 



and 


hence 


Therefore 


cos (8 + fli) = _ r_ 

sin (8 + 8\) * x 



p r x 

ma xp = —*-{ r + xe~x2 } 



Max. p with respect to the armature resistance is plotted in 
Curve 1, which shows that the maximum instantaneous power 
occurs with zero armature resistance in a circuit of constant re¬ 
actance. 

With n generators operating on a bus when a short circuit of 
resistance r is made on the bus, the effect on the individual 
generator is the same as if nV^r resistance were in each indi¬ 
vidual generator, hence the maximum instantaneous torque 
on the individual generators occurs with but one machine oper¬ 
ating on the bus. 

W. L, Waters (communicated after adjournment): The history 
of the turbo-generator has been one of continually increasing 
speed to meet the requirement of efficiency in the steam turbine, 
and it is only during the past few years that it has become pos¬ 
sible to operate the generator at any speed found advisable for 
the turbine. 
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An idea of the progress made can be obtained from the fact 
that 5000-kv-a., 3600-rev. per min. maximum rated units have 
been built in the United States, and 6000-kv-a., 3000-rev. per 
min. units with 25 per cent overload capacity have been built 
in Europe; while I understand that Mr. Field has designed and is 
prepared to build 30,000-kv-a., maximum rated, 25-cycle genera¬ 
tors to operate at 1500 rev. per min. The question of high speed 
vs. low speed for turbine sets is similar to the question of high¬ 
speed vs. low-speed steam engines. It is to be decided by the 
relative cost, floor space, maintenance, and efficiency of the sets. 
One handicap of the high-speed steam engine is that when it 
gets out of adjustment, trouble develops very much more rapidly 
than with the corresponding low speed; but the same criticism 
hardly applies to steam turbine sets, as there is practically no 
difference in this respect between an 1800-rev. per min. and a 
3600-rev. per min. unit. 

The phenomenon which takes place at the instant of short- 
circuiting an alternator was investigated by the writer a number 
of years ago, when it was found that on account of the eddy cur¬ 
rents there was a time lag in the effect of the armature reaction 
in reducing the flux. So that—as I think was first stated in the 
paper on Non-Synchronous Generators , which I presented before 
the Institute in February, 1908—the instantaneous rush of cur¬ 
rent at the moment of short circuit is equal to 

_ e. m. f. _ 

total impedance in circuit 

About the time this was published, it was found from the 
oscillographic records that the value of the first few waves of 
current is dependent upon the phase of the voltage at the moment 
of short circuit, and that—as stated by Mr. Field—the first 
current wave can have a value approximately double that given 
by the above equation if the short circuit occurs at the instant 
when the e.m.f. is zero. It is not clear to me what Mr. Field 
means by “ most probable value of the initial short-circuit 
current, as it is the maximum possible value that we most pro¬ 
tect against. For this reason, a short-circuit test on an a-c. 
generator is often of no value, as it may happen that the circuit 
is closed when the e.m.f. is a maximum, which would give the 
lowest value of the initial current rush. In practical operation, 
the generator might be thrown on the busbars with a bank of 
similar machines, 180 deg. out of phase, and at a time when the 
e.m.f. is zero. In such a case, the first rush of current would be 
four times as great, and the stresses on the end connections of 
the armature coils sixteen times as great, as those in the short- 
circuit test. As to the question of the capability of enduring 
the short circuit likely to be met with in practical operation, 
the purchaser is to a great extent dependent upon the manufac¬ 
turer. Adequate tests are almost impossible to make, and m 
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addition, are somewhat dangerous, especially in large vertical 
units, on ctccount of tho mcclisnicnl shock to the nictchino cinci 
the violent flashing and consequent burning of the rotor, due to 

heavy induced currents. . 

As Mr. Field points out, the modern tendency is to design 
large a-c. generators with high internal self-induction, and con¬ 
sequent poor regulation, in order to reduce the stresses on the 
generator and system generally caused by short circuits. A 
voltage regulator seems to have become a necessary adjunct of 
a modern power station, and since Mr. Stott has successfully 
overcome the difficulty of applying such regulators to a large 
system like the Interborough in New York, the day of closely 
regulated a-c. generators for power station work can now be con¬ 
sidered as past. , , lx . ,, . 

The practise of using separate blowers and filtering the air 
through screens offers a number of advantages, but requires care¬ 
ful planning. The over-all efficiency, including friction, windage, 
and blower losses, may be very materially reduced with an 
external blower, unless the station is very carefully laid out; and 
unless the filter screens are cleaned frequently, they merely 
obstruct the air supply, or allow all the dirt to pass thiough.^ If 
the air supply to the screens and generator is at all dusty, it is 
practically impossible to avoid frequent cleaning of the air 
ducts in the machine. 

I think that Mr. Field’s valuable paper would be more com¬ 
plete if he emphasized that fact that the operating engineer and 
purchaser must depend to a great extent upon the ability and 
integrity of the manufacturer for the most suitable design for 
large high-speed units, as it is almost impossible to make specific 
tests which are of any practical value. 

When the Cos Cob power station of the New York, New Haven 
and Hartford Railroad was first operated, five years ago, numer¬ 
ous short circuits on the 11,000-volt single-phase system were 
experienced; and this was probably the first occasion on which 
phenomena of high-power short circuits were urgently brought 
to the attention of engineers. A large number of experiments 
were carried out by Mr. Lamme and the writer, which covered, 
to a great extent, the subject of the present paper by Messrs. 
Durgin and Whitehead. After Mr. Lamme had decided to in- 
stalfexternal reactance coils in the circuit of each generator (at 
that time quite an original idea), but before it was actually 
carried out, the operating engineers tried the effect of inserting 
a resistance in series with the generator—this being accomplished 
by connecting a feeder two miles (3.2 km.) long permanently in 
the circuit between the overhead line and the power house._ The 
comparatively small resistance inserted had an extraordinarily 
good effect in reducing the shock of short circuits on the power 
house—so much so that it was even suggested, that this resist¬ 
ance be left in circuit and the reactance coils not installed. _ These 
results started us investigating the relative value of resistance 
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and reactance in limiting short circuits. Oscillographic records 
of the current obtained under different conditions were found 
to check with those determined theoretically from the following 
well-known equation covering sudden changes m the impedance 
of a power circuit: 


R- + p 2 L 2 


sin pt — o) 


+ E 


sin 9 — a 


sin 6 — 0) 


i> L 


(6-pt) 


VXTR 2 + f U + V ^ + 


L 1 ' 


W ifomnd L 0 are resistance and self-induction of circuit beyond 

th J? S and L^are resistance and self-induction of generator and 
circuit inside of the short circuit, 

PL _ + P (L + Lo) 

CO = tan- 1 Oi - tan ~ R + Rq 

I = current E = e.m.f. 

6 = value of p t at instant of short circuit 
p = 2ir X frequency e exponential 

t = time measured from arbitrary zero . M 

Curves similar to those shown m Figs. 8, 10 and 12 m Messrs 
Durgin and Whitehead’s paper showing the be ^?^ 1 d re ?^y 
of the oresence of resistance in circuit, were soon obtained—both 
toreKfJnd experimentally. The final, ton™ » adop 
rhoke coils rather than resistance, to limit the snort-circui 
shock on any station, was decided by the disadvantage caused t y 
the waste S energy in the resistance. This is of interest histonc- 
allv as showing the steps that led up to the installation of choke 
cods at Cos Cob, which set a precedent for what; hasmow^become 
standard practise in almost all new large power stations. 

This paper is-an extremely useful and complete explanation 
of the genial phenomena of the a-c. generator short cncuits and 
is especially valuable as being based upon a compiete senes of 
tests under practical operating conditions. The ^ utbor ® at 
marks in reference to transient reactance m an a-c. generator 
bring to mind the discussions that have taken piace during the 
nnst g twentv vears involving the question of the self-induction 
of an llternator Those who have followed these discussions 
taow I think, first pointed 

Tv/r ‘Rio-nrlpl that the term self-induction or an aiternaror 
kameaWeS^expressim until a definition is given of exactly 
what is meant The e.m.f .'of self-induction m any electrical cir¬ 
cuit is the e m f. caused by the time rate of change of the lines of 
feme linkfng with the circuit, and due to the current in that circuit. 
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In any alternator, this is an extremely complicated phenomenon. 
The self-induction varies with the reluctance of the magnetic 
circuit, which again varies with the relative position of the iron 
and electric circuits of the field magnets and armature; 
and also depends on the permeability of each part of the iron 
circuit, which again varies with the value of the current. The 
fact that the “ transient reactance,” as found by experiments, 
appeared to be only 28 per cent of that calculated by the authors, 
is not surprising, and only emphasizes the necessity of depending 
upon experiments and actual tests, rather than upon calcula¬ 
tions based necessarily upon assumptions. 

William A. Durgin (by letter): Some confusion seems to 
prevail as to the purpose of this paper. It does not at all claim 
to give a method of computing the transient reactance from 
design data, nor to substantiate the existence of any actual simple 
inductive characteristic, but it is intended to show the value of 
the conception “transient reactance” in certain useful com¬ 
putations, based on low-voltage short-circuit tests that can be 
readily made on any alternator without the slightest hazard to 
the unit. 

We fully appreciate the fictitious nature of the conception, 
and in such equations as (4) we have tried to show merely a 
descriptive relation, being under no delusion as to the possibility 
of actually computing the components. Transient reactance 
is no more real than the self-inductive reactance of the armature, 
the synchronous reactance of the machine or any of the many 
other terms which are commonly accepted as convenient names 
for covering complex relations which enter our work as a single 
quantity. 

The paper shows that the maximum initial peaks of short- 
circuit currents obtained on a large number of tests are limited 
by reactions having a reasonably constant combined effect, and 
results of practical value are obtained by considering the effect 
as due to a single reactance of transient character. 

The discussion of torque in the paper is in error in that it 
refers to the torque developed by conversion of energy into heat 
as the total torque on the unit. Under the conditions assumed, 
this torque is in reality only that portion of the total which is 
transmitted to the external circuit. Consequently, the torque 
curves shown in Figs. 12 and 13 indicate the magnitude of energy 
to be ruptured by main oil switches, to be transmitted through 
station buses and to be consumed in cables or at faults, rather 
than the total torque developed within the alternator. The 
true total torque contains, in addition to the PR torque con¬ 
sidered, a term representing the storage of energy in the field, 
'which can be shown to equal 
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The combination of this latter equation with equation 20 
the paper gives for the total torque developed: 


_ 3 (EJY . r r 
U ’ T 2 Z 2 X L * 




This is easily shown to be a maximum when d = and in con¬ 


sequence, the maximum torque for any given value of — 


is 

Q R2 / _ t r \ 

W ”'=2 ~ Z r \ r + X * 2 7 

a result which agrees with that derived by Mr. Woodrow, from 
a somewhat different line of reasoning. 

It is to be noted, however, that these latter results are in reality- 
based on the assumption that the transient reactance is a true 
inductive effect from which the equivalent inductance can be 
computed and that, therefore, although the results may be taken 
as indicating maximum limits which the actual torque will never 
exceed, they are open to more serious question than those 
deduced for the values of current and I-R torque. 

The importance of short-circuit torque in practical operation, 
as has been indicated elsewhere in the discussion, is less with 
units of more recent design, but a few years ago a generator 
armature sometimes sheared its frame bolts and turned perhaps 
90 deg. about its axis when subjected to heavy short circuit. 
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DETERMINATION OF POWER EFFICIENCY OF 
ROTATING ELECTRIC MACHINES 
Summation op Losses Versus Input-Output Tests 


by e. m. olin 


Recently there has been a considerable movement on the part 
of several large buyers of electrical apparatus to the end that 
efficiency tests of rotating apparatus be made by input-output 
measurement rather than by the summation of separate losses. 

The National Electric L^ght Association has also lent its ap¬ 
proval to this movement. 

Paragraph 92 of the Standardization Rules of this Institute, 
headed “ Comparison of Methods ” (for the determination of effi¬ 
ciency), states “ The output and input method is preferable 
with small machines. When, however, as in the case of large 
machines, it is impracticable to measure the output and input, or 
when the percentage of power loss is small and the efficiency 
is nearly unity, the method of determining efficiency by meas¬ 
uring the losses should be followed.” 

The terms “ small machines ” and “ large machines ” in this 
paragraph are indefinite and unsatisfactory. The purpose of 
this paper is to discuss both methods and from a consideration 
of certain data to show that efficiencies can be satisfactorily 
computed from no-load losses in all cases, provided empirical 
correcting factors are used therewith to compensate for load 
losses, and that efficiencies so calculated will in general be much 
nearer the true values than those made by the average input- 
output test. 

It is well known that certain of the losses occurring m elec- 
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tncal machines can be accurately determined from no-load 
measurements. Some of the losses, however, cannot be so 
determined, as, owing to conditions which develop, as load is 
applied a gradual increase in these losses takes place. 

The difference between the total losses under load and the 
sum of the separate losses as determined from no-load measure¬ 
ments is commonly known as “ load loss.” 

It is proposed by the writer to indicate a method which will 
establish the ratio of this load loss to the losses indicated by the 
no-load measurements. This ratio will vary for different types 
of apparatus. 

Briefly stated, the method proposed is as follows: 

From a senes of reliable input-output tests derive the actual 
losses of a large number of machines of varying types and sizes. 

. determine the losses of these same machines by the summa¬ 
tion of loss method without increasing the separate losses to 
allow for field distortion or other load factors. 

The difference in the losses as found by the two methods will 
be the so-called load loss. 

Having determined the magnitude of this load loss for different 
types and sizes of apparatus, derive multiplying constants which 
can be applied to the separate loss values to obtain their true 
values under load. 

It is highly desirable to use the separate loss measurements for 
computing efficiency for the following reasons: 

Ihe necessary tests are simple and require but few observers. 
For that reason they can be easily and accurately taken. 

On the other hand the input-output test is complicated, and if 
the desired accuracy is to be obtained it must be carried on with 
all the safeguards and refinements employed in the most delicate 
a oratory work. For that reason only the most expert operators 
can be used. A large number of simultaneous readings are re¬ 
quired and the errors of observation are likely to be additive. 
Experience has showm that repeated tests must be made before 
consistent results are obtained. 

According to the Standardization Rules of this Institute (para¬ 
graphs 7 to 21) the term “ Rotating Machines ” includes: 

• a. Direct-current generators 

b. Alternators 

c. Double-current generators 

d. Induction generators 

e. Boosters 
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f. Direct-current motors 

g. Alternating-current motors 

h. Synchronous condensers 

i. Motor-generators 

j. Dynamotors 

f Direct-current converters 
| Synchronous converters (rotaries) 

k. Converters \ Motor converters 

I Frequency changers 
^ Rotary phase converters 

(a) (b) (c) (d) and (e) may be driven by prime movers or by 
motors. When motor-driven they are included under class (i). 

The most ardent advocate of the input-output test would 
hardly recommend this method for generators driven by prime 
movers, involving as it would the determination of mechanical 
power delivered at the shaft of the generator, so we can at once 
dismiss the first five items from our consideration. 

The power efficiency of the synchronous condenser running 
idle is nil and when running under load this type falls under 
(g), so that we need not consider it in a special class. 

There remain then.for our attention the following: 

1. Motors. 

2. Motor-generators. 

3. Dynamotors. 

4. Converters. 

l. Motors. The efficiency of motors may be determined by 
measuring the losses and subtracting them from the input to 
derive the output or by measuring the input and output directly. 
In the latter case the mechanical output is measured by some 
form of brake or other dynamometer. 

2. Motor-Generators; 3. Dynamotors; 4. Converters . The 
efficiency of a motor-generator, dynamotor or converter may 
be determined by measuring the losses and adding them to the 
output to derive the input, or by measuring the input and out¬ 
put directly. In the latter case simultaneous readings of the 
electrical input and output are taken with suitable measuring 
instruments. 

The losses which take place in rotating electrical apparatus 
Briefly stated they are: 

of shafts with bearings 
of brushes with commutators 
of brushes with collector rings 
of rotating element with air (windage) 


are well known. 

Frictional losses 
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a. Due to the resistance of windings, brushes and sliding 
contacts to useful current flowing in tin* apparatus. 

b. Due to the resistance of any part of the apparatus to 
non-useful current. These losses include the following: 

Pr losses •] Losses due to eddy currents in the copper conductor*;, 

laminations, pole laces, damper windings and other 
metallic parts. 

Losses in armature coils and commutator leads which 
are short-circuited by the* brushes. 

/“/'losses in multiple-circuit windings. 

Hysteresis or molecular magnetic friction. 

To derive efficiency by the separate loss method it is necessary : 

1. To determine the resistance of windings, brushes and sliding 
contacts at a known temperature. 

2. To determine the regulation with reference to speed, 
voltage, and current flowing in the various windings. 

3. To determine the frictional losses over the range of speed 
indicated by the regulation. 

4. To determine the “ rotation loss M (commonly known as 
the “ core loss.”) This loss includes hysteresis, t he eddy current 
losses in iron, copper and, other metallic parts, Pr losses in cross 
connections and Pr losses in armature coils and armature leads 
which are short-circuited by the brushes, so far as these losses are 
due to rotation. 

5. To determine the eddy current losses in the iron and espe 
eially in the copper conductors, so far as these losses an* due to 
stray fields set up by useful currents flowing in the windings. 

0. To determine the alternating or transformer loss. This loss 
occurs only in machines whose field windings a,re excited with 
alternating current, as in the ease* of a-e. commutator motors, 
It includes hysteresis and eddy current, losses due tot lie alterna¬ 
tion of the magnetic field, Pr losses in eross-eonnee! ions of 
armatures and Pr losses in armature coils and commutator leads, 
which are short-circuited by the brushes s > far as t hese losses are 
due to the alternation of the magnetic field. 

1. Resistances. The resistances of windings can be measured 
with the greatest accuracy by several well known methods, 
which need not be discussed here. 

The resistance of brushes and sliding contacts can also be de¬ 
termined with precision. The method is as follows: Current 
of normal characteristics from an externa,! source is sent, through 
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the brushes and sliding contacts while operating at normal speed, 
the fall of potential indicating the resistance. A commutator or 
set of collector rings, for example, is assembled for rotation with 
its brush holder and brushes, but without connections to the 
armature windings. In the case of the commutator the bars 
are short-circuited by band wires at the ends. The apparatus 
is then driven at normal speed and the brush holders placed in 
series with current of normal characteristics from an external 
source. The fall of potential across the brush holders indicates 
the resistance of brushes and sliding contacts. Such tests have 
been made repeatedly by various engineers, and the values for 
different grades of carbon or copper brushes with varying speed 
and brush densities have been accurately determined. So that 
in computing the loss due to the resistance of brushes and slid¬ 
ing contacts it is usual to refer to data already compiled rather 
than actually to measure the resistance in each particular case. 

2. Regulation. What constitutes regulation is defined in para¬ 
graphs 187-203 of the Standardization Rules and the conditions 
for and tests of regulation are covered by paragraphs 204-209. 

It is necessary to determine over the entire range of load, (A) 
speed, (B) voltage, (C) current flowing in the windings. 

The apparatus should be operated under normal conditions if 
possible, but when, as in the case of large machines, it is imprac¬ 
ticable to make actual load tests the regulation can be approxi¬ 
mately determined from data taken at no-load. Such regula¬ 
tions are sufficiently accurate for efficiency determination by the 
summation of loss method. 

3. Frictional Losses. Losses due to mechanical friction, in¬ 
cluding windage, are independent of the load. The most satis¬ 
factory method for measuring these losses is by separate drive 
from an independent motor, preferably of the direct-current, com¬ 
mutating pole type. The apparatus is driven at normal speed on 
open circuit without current in any winding. When so opeia- 
ting, the input to the driving motor is greater than its own no-load 
losses by an amount equal to the frictional losses of the driven 
apparatus plus a small increase due to load loss in the driving 
motor itself. This load loss is composed as follows: 

a. The increased Pr loss in the armature circuit. 

b. The increased rotation loss due to field distortion. 

c. Eddy current losses caused by the stray fields of useful 
currents in the armature circuit. 



1700 


OLIN: POWER EFFICIENCY 


[June 2§ 


(a) can be computed by a simple calculation involving the 
known current flowing and the resistance of the armature circuit 
(copper conductors, brushes and sliding contacts). 

(b) cannot be satisfactorily determined by the separate loss 
method, as will be pointed out under 11 Rotation Loss.” It is 
usually disregarded in figuring the increased power input to the 
driving motor. 

(c) is usually so small in motors of this type that it can be 
ignored. In fact it is customary to ignore (a) (b) and (c) in 
measuring frictional and rotation losses. It is to be noted, how¬ 
ever, that the error introduced by so doing lowers the calculated 
efficiency, since the loss is incorrectly charged to the driven 
machine instead of to the driving motor. 

To determine the frictional loss at a given speed it follows that 
two power input readings to the driving motor are necessary, one 
when driving the machine under test and the other when run¬ 
ning free at the same armature voltage and speed. 

4. Rotation Loss. In determining the rotation loss of induc¬ 
tion motors the apparatus is operated at no-load and normal 
voltage, the power input under these conditions being the sum 
of the frictional losses, the rotation loss, and a small cbpper loss 
due to the no-load current in the windings. The rotation loss 
can then be segregated by subtracting from this result the fric¬ 
tional loss as determined above, and the copper loss as com¬ 
puted from the current flowing and the resistance. 

In all other rotating apparatus the rotation loss is best 
measured on open circuit by the separate drive method in a man¬ 
ner similar to that described under. “ Frictional Losses.” 

The power input to the driving motor is noted with the 
fields of the driven apparatus charged, and with the fields un¬ 
charged, the difference in the input, when corrected for the 
driving motor loss, being the “ rotation loss.” 

This loss is composed of two parts: 

m. Hysteresis and eddy current losses caused by rotation 
through the magnetic field. 

n. Pr losses in cross-connections of armature. 

Pr losses in armature coils and arma fcure leads which are 
short-circuited by the brushes. 

Pr losses which may exist in multiple-circuit windings. 

That part of the rotation loss ” due to hysteresis and eddy 
currents will increase somewhat under actual load conditions 
o\er its value at no-load as measured above. This increase is due 
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to field distortion and may be a considerable percentage of the 
value measured at no-load. 

There is no satisfactory method of computing from no-load 
readings the increased rotation loss due to field distortion under 

The Pr losses in cross-connections of armatures and the Pr 
losses in armature coils and armature leads which are short- 
circuited by the brushes depend upon the voltage and are inde¬ 
pendent of the load. That part of the “ rotation loss ” due 
to these factors may be assumed to be correct for all loads as 
measured by the separate drive method at no-load. 

5. The losses in the iron, and especially in the copper conduct¬ 
ors, due to eddy currents from stray fields set up by useful cur¬ 
rents flowing in the windings, are often a considerable item, par¬ 
ticularly in machines having deep slots with conductors of large 

cross-sections. . . . 

These losses may be approximately determined m certain 
types of machines by operating them on short circuit at severa 

different speeds and currents. 

Paragraph 167 of the Standardization Rules described this 
method as applied to induction motors. Some modifications 
must be made, however, in order to obtain accurate results. 1 his 
paragraph states “ These losses (load losses) may for practical 
purposes be determined by measuring the total power, with t e 
rotor short-circuited at standstill and a current in the primary 
circuit equal to the primary energy current at full load, ihe 
loss in the motor under these conditions may be assumed to be 
equal to the load losses plus Pr losses in both primary and sec- 

ondary coils.” ■ „ , . 

It is to be noted that with the rotor at standstill, and current 

of normal characteristics flowing in the primary, the frequency 
of the secondary current is the same as that of the primary. n 
practise, however, the frequency of the secondary (which is pro¬ 
portional to the slip) is very low. Therefore the losses due to 
eddies in the secondary conductors will be greatly magmfie 
during the above test because of the high frequency. . 

To approximate these losses more nearly, a series of read¬ 
ings should be taken with, currents of varying frequency m 
the primary windings. This varying frequency should be 
brought down to as low a value as practicable. A comparison o 
the values thus obtained will indicate the losses^under normal 
conditions. 
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The power input during these tests will of course include the 
ordinary Pr losses of primary and secondary windings. These 
must be subtracted from the total input readings to arrive at the 
loss due to eddies. 

There is no satisfactory no-load method of measuring this eddy 
current loss in the case of direct-current motors and generators 
and in alternating-current machines of the synchronous type. 
When operating such machines on short circuit so many other 
losses occur that it is practically impossible to segregate the 
eddy current loss due to the stray fields set up by currents flow- 
ing in the windings. 

6. The alternating or transformer loss is measured simul¬ 
taneously with the “ rotation loss ” by noting the power con¬ 
sumed by a wattmeter connected across the field circuit. A 
wattmeter so connected will measure 

a. The Pr loss of the field windings. 

b. The Pr loss of armature coils and commutator leads which 
are short-circuited by the brushes, so far as these losses are due 
to the alternation of the magnetic field. 

c. Hysteresis and eddy current losses due to the alternation of 
the magnetic field. 

(a) can be computed from the measured resistance and 
known current flowing. 

(b) can be separated from the other losses by running 
the machine with and without brushes on the commu¬ 
tator. 

(c) is the difference between the total watts and the sum 
of (a) and (b). 

The alternating or transformer loss is equal to the sum of (b) 
and (c).* 

This loss is a function of the alternating current in the field 
windings, and for any given current will be the same whether the 
motor is doing work or is running free, driven from a separate 
motor. 

The general expressions for calculating efficiency by the 
Summation of Loss Method are as follows: 

*An exception is to be noted in alternating-current commutating motors 
where commutating compensation is obtained by the use of a cross field. 
Under this condition a portion of the loss ordinarily supplied by the 
alternating-current exciting current will be furnished by the driving 
motor. 
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For Motors 


Efficiency 


Input — L osses 
Input 


For 


Motor-Generators 
Dynamotors Efficiency = 

I Converters 


• Ojatput 
Output + Losses 


Losses = W r 2 R + W r + W R + W E + W T 


Where W#* = Watts lost due to the resistance of windings, 
brushes and sliding contacts to useful current 
flowing. 

W F = Watts lost in friction. 

W R = Rotation loss. 

W E = Watts lost due to eddy currents in iron and 
especially in copper conductors caused by the 
stray field of useful currents flowing in the 
windings. 

W T = Transformer or alternating loss. 

Before proceeding further we will examine some data relating 
to the separate losses of rotating apparatus as compared with the 
rated output. The no-load values of Wr are given in these 
data. No values of W E are shown, as this loss was not investi¬ 
gated in the case of machines given in these lists. 


Apparatus 

Description 

Rating 

Per cent of rated output 

Output 

h.p. 

Fre¬ 

quency 

cycles 

TVi2r 

Wf 

Wr 

Wt 

Total 

losses 

Direct-current 

Commutating 

25 


8.90 

' 1.77 

1.65 


12.32 

motors 

pole 

35 


6.25 

1.95 

2.74 


10.94 



40 


5.50 

2.48 

2.40 


10.38 



50 


4.65 

1.87 

2.08 


8.60 



60 


5.24 

1.80 

1.70 


8.74 



75 


6.10 

1.64 

1.64 


9.38 



75 


4.10 

1.60 

1.78 j 


7.48 



75 


6.00 

1.02 

1.81 


8.83 



100 


7.15 

1.04 

1.15 


9.34 



250 


6.95 

0.61 

0.96 


8.52 


j 

270 


7.55 

0.69 

0.72 


8.96 



300 


3.92 

0.89 

2.41 

' 

7.22 
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Apparatus 

Rating 

Per cent of r 

ated ou 

tput 

ID escription 

Output j 
kw. I 

! i 

j 

Fre¬ 

quency 

cycles 

h'isr 

li’F 

IVa 

Total 

losses 

Direct-current 

Commutating 

I 

20 ! 

j 

5.15 

B .03 j 

3.60 

14.7S 

generators 

pole 

75 i 


6.29 

1.53 

2.40 

10.22 : 


100 j 


4.S6 

1.49 

2.15 

8.50 


150 


3.72 

3.24 

2.13 ; 

9.09 : 


150 


3.75 

3.04 

3.00 , 

9.79 j 


150 


4.85 

2.90 

1.80 

9.55 


175 

j 

5.51 

1.28 

4.45 

11.24 


200 


3.99 

2.25 

2.14 

S.3S ; 


200 


4.03 

2.25 | 

1.61 

7.89 i 


200 


5.10 

1.95 j 

2.62 

9.67 



200 


4.24 

1.92 j 

2.80 ; 

8.90 i 



200 


3.37 

2.37 | 

1.62 

7.30 



250 


4.85 : 

4.00 ; 

1.45 

10.30 



250 


4.17 

1.70 I 

1.82 j 

7.69 



300 


3.49 

2.89 ! 

2.43 

8.81 j 



300 


3.58 

2.27 i 

1.32 

7.17 j 



300 


3.29 

1.28 j 

1.90 

6.47 : 



400 


2.85 

2.11 | 

1.00 

5.96 



400 


3.84 

2.80 j 

i.65 ; 

8.29 j 



500 


2.57 

1.73 j 

2.08 ; 

6.38 



500 


3.50 

1.65 } 

1.88 

7.03 



600 


2.88 

1.97 

1.50 

6.35 



750 


3.21 

1.20 

2.33 ! 

6.74 



750 


| 3.71 

2.07 

2.54 

8.32 



1000 


; 2.75 

1.00 

2.70 

6.45 



1000 


i 2.90 j 

2.15 

1.75 j 

6.SO 



1000 


! 2.46 

1.55 | 

2.42 

6.43 



1500 


3.35 

1.76 | 

1.93 

7.04 

Direct-current 

1ST on-commuta¬ 

12.5 


8.20 

2.64 j 

2.84 

i 

13.68 

generators 

ting pole 

40 


| 6.75 

1.77 ! 

1.16 

9.68 


100 


| 6.78 

0.52 

: 1.52 

8.82 



300 


3.79 

1.44 

! 2.07 

7.30 

Alternating- 


100 

60 

2.78 

1.08 

3.50 

7.36 

current 


100 

60 

6.14 

0.82 

3.30 

10.26 

generators 


125 

200 

60 

60 

3.19 

2.58 

3.70 

1.72 

2.97 

2.45 

9.86 
6.75 



300 

25 

1.77 

0.71 

3.33 

5.SI 



300 

60 

1.89 

1.90 

2.40 

6.19 



333 

60 

0.83 

1.47 

2.94 

5.24 



400 

60 

! 2.64 

0.61 

3.00 

6.25 



500 

25 

2.25 

0.50 

1.42 

4.17 



500 

60 

0.65 

3.66 

4.16 

8.47 ’ 



600 

60 

0.83 

1.79 

j 2.27 

4.89 | 



700 

60 

1.65 

0.94 

1.86 

4.45 ! 



725 

60 

1.52 

0.70 

1.27 

3.49 | 



1000 

60 

1.67 

1.52 

1.83 

5.02 1 



1000 

60 

0.74 

4.10 

1.66 

6.50 j 



1250 

60 

1.25 

0.83 

j 2.65 

4.73 



1250 

60 

1.04 

0.83 

1 2.59 

4.46 

j 1 








<706 


OLIN: POWER EFFICIENCY 


[June 28 


1 

Apparatus 

i 

Description j 

Rating 

Per cent of rated output 

Output 

k\v. 

Fre¬ 

quency 

cycles 

) 

w F 

IF r 

Total 

losses 

Alternating- 


1500 

60 

0.66 j 

3.16 

3.16 

6.98 

i current 

2000 

60 

1.03 ; 

0.92 

2.10 

4.05 

i generators 

2000 

60 

1.20 

1.19 

1 .S3 

4.22 

: | 

2500 

60 

0.56 | 

2.00 

2.40 

4.96 

j | 

3000 

60 

0.95 j 

2.01 

2.46 

5.42 

i | 

3000 

60 

0.76 | 

1.47 

2.57 

4.SO 

1 : i 

3000 

25 

0.51 ! 

3.73 

2.00 

6.24 



3000 

60 

1.18 ! 

1.62 

1.70 

4.50 



3750 

60 

1.47 i 

0.49 

1.46 

3.42 



4000 

60 

0.47 

4.13 

2.53 

7.13 



5000 

60 

0.91 

0.89 

1.98 

3.78 

* 


6666 

60 

0.41 

2.17 

2.55 

5.13 



8000 

60 

0.32 

2.77 

2.23 

5.32 



10000 

60 

0.40 

2.40 

1.85 

4.65 

Dynamotors 


10 


4.18 

2.33 

5.42 

11.93 



9 


4.01 

2.23 

4.84 

11.08 

£ ynehronous 


100 


2.9 

2.64 

3.10 

8.64 

converters 


200 


1.91 

2.69 

4.73 

9.33 


300 


1.93 

2.05 

2.27 

6.25 


! 300 


2.61 

1.33 

0.99 

4.93 


400 


2.16 

0.72 

2.08 

4.96 


500 


1.67 

2.07 

1.48 

5.22 


500 


.1.59 

2.23 

1.50 

5.32 



800 


1.51 

3.46 

1.14 

6.11 



1000 


1.16 

3.49 

1.45 

6.10 

! 

1000 


2.55 

1.30 

0.82 

4.67 


1500 


1.66 

1.18 

0.82 

3.66 



2000 


1.69 

1.08 

0.77 

3.54 



2000 


2.19 

0.93 

0.56 

3.68 



3000 


1.81 

0.99 

0.79 

3.59 

Motor- 

*A 

200 


4.97 

5.30 

4.97 

15.24 

generators 


500 


5.82 

4.71 

5.74 

16.27 



1000 


4.98 

4.07 

3.94 

12.99 



2000 


4.47 

2.98 

3.92 

11.37 

Motor- 

*B 

100 


11.S 

3.93 

5.64 

21.37 

generators 


150 


9.45 

7.05 

5.10 

21.6 



300 


9.06 

3.59 

5.40 

18.00 



j 500 


4.8S 

2.74 

6.26 

13.88 

Motor- 

*G 

160 


8.82 

3.73 

3.19 

15.74 

generators 

1 

! 300 


5.57 

3.58 

5.28 

14.43 

Motor- 

*D 

94 


5.95 

2.68 

5.83 

14.46 

generators 


f. 750 


4.32 

1.36 

3.67 

9.35 



1500 

i 


2.69 

1.55 

3.96 

8.20 


*A—Synchronous motor and direct-current generator. 
*B—Induction motor and direct-current generator. 

*C—Direct-current motor and direct-current generator. 
*D—Frequency changer. 
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From these figures it will be seen that in the case of single 
units, the total losses, as computed from separate loss measure¬ 
ments, vary from 3| to 20 per cent of the rated output, while 
the sum of the frictional and rotation losses ranges from 1.4 
to 10 per cent. Now the-measured values of the frictional and 
rotation losses are likely to be slightly inaccurate due to obser¬ 
vation errors, as will be pointed out later. Since these losses 
are very small as compared with the total output, a considerable 
error in the no-load readings will affect the calculated efficiency 
but slightly. 

In the preceding paragraphs the following points have been 
brought out: 

(1) At any given load, W i* R , W F and W T can be accurately 
determined from readings taken at no-load. 

(2) Wb. is composed of two parts, one of which (n) is constant 
at fixed voltage under all conditions, while the other, namely, 
the hysteresis and eddy current loss, increases somewhat with 
load. 

(3) The increase in the rotation loss due to the application of 
load cannot be satisfactorily determined 'from readings taken 
at no-load. 

(4) It is difficult, and in the majority of cases impossible, to 
approximate from no-load measurements the eddy current loss 
due to the stray field of useful currents. 

Owing to the difficulty of arriving at the true value of the 
rotation loss under load, it is the practise of most manufacturers 
to specify efficiencies on the basis of the no-load values of this 
loss. The eddy current losses due to the stray fields of useful 
currents flowing have also been generally disregarded in specify¬ 
ing and demonstrating efficiency, owing to the difficulty of ob¬ 
taining accurate values. 

Efficiencies as usually calculated by the summation of loss 
method are therefore slightly higher than the true values. This 
fact is now generally understood by those who use electrical 
machinery, and for the reason that more exact information as 
to the actual power efficiency is desired b v the users, the present 
agitation for input-output tests began. 

To the uninitiated the input-output test appears to be a per¬ 
fectly simple and the only rational method of measuring efficiency, 
particularly when both input and output are electrical, as in the 
case of motor-generators and converters. 

From a purely academic standpoint nothing seems easier than 
to derive efficiency by comparing simultaneous readings of 





1708 


OLIN: POWER EFFICIENCY 


j I une 28 


measuring instruments connected in the incoming and outgoing 
circuits of electrical'apparatus. 

Those of us, however, who have conducted some of these tests 
on circuits other than those of college laboratories can tell a 
different story. Many factors contribute to invalidate the 
accuracy of the results obtained. Chief of these is the tendency 
of ordinary power circuits to fluctuate slighth. d c ause <> 
this tendency it is extremely difficult to get. accurate- results 
when measuring the input to motors. This is especially true 
in the case of machines having heavy revolving elements ro¬ 
tating at high speeds. . . 

When operating from ordinary power circuits the indicating 
pointers of ammeters and wattmeters connected in tin- b-eders 
of such apparatus will often oscillate 2f> ju-r cent each way from 
the mean of a large number of readings. 

This tendency of the current to fluctuate has a hearing on Un- 
accuracy of all input readings taken while the apparatus is re¬ 
volving, either with power applied to its own terminals, or when 
driven by a separate motor. 

Referring to the separate loss measurements and to the ex- 
pression for the losses. 

Losses 3 = limit + H> + ^ ^ T 

it is to be noted that W r and W n are measured while the ap¬ 
paratus is revolving and that their measured value;;, a * delta - 
mined by power input readings, may be in error due to meonert 
readings caused by fluctuations of the supply circuit, 

From the data given in the foregoing tables we find that the 
sum of these two losses ranges from let to 10 per cent of the rated 
output. Assuming an error of a per cent in the driving, motor 
input due to incorrect readings of swinging meter pointer; when 
measuring the no-load losses, the calculated ellieieuev at rated 
output will be in error by not to exceed 7 100 oi 1 per cent 
in the one ease and § o! 1 per cent in the other. 

Referring now to input-output measurements, it is evident 
that an error of 5 per rent in the input reading will afiecttlie 
calculated efficiency by approximately the same amount, that- 
is to say the result will be in error by approximated v 4 percent. 

The complicated nature of the input-output tent, the large 
number of observers required, and the diserepanries that appear 
in the results in spite of the exercise of the greatest cure, are 
shown in the following data of an actual test made under the 
most favorable conditions by a corps of experts. 





MOTOR-GENERATOR SET— 1200 REV. PER MIN. GENERATOR—150-KW., 250-VOLT, DIRECT-CURRENT, COMPOUND-WOUND C< 

TATING POLE. SYNCHRONOUS MOTOR—235-H.P., 4000-VOLT, THREE-PHASE, 60 CYCLES. NATURE OF LOAD—GRID 

RESISTANCE. CONNECTIONS AS PER DIAGRAM ON FOLLOWING PAGE. 
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* No allowance made for *' load losses." 
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For location of meters see corresponding numbers on diagram of connections. 

No. 1—Direct-current millivolt-meter with 1000 -ampere mangamn shunt. 

No. 2—Direct-current millivolt-meter with 1000 -ampere mangamn shunt. 

No. 3—Direct-current voltmeter Range 375-750. 

No. 4—Direct-current voltmeter. Range 375-750. 

No. 5—500-ampere precision wattmeter. 

No. 6—60-cycle polyphase indicating wattmeter. 

No. 7 —60-cycle polyphase integrating watthour meter. 

No. S—Portable alternating-current ammeter. 

No. 9—Alternating-current voltmeter. 

No. 10—30 to 5 series transformer. 

40 to 5 series transformer. 

No. 11—4000 to 100 voltage transformer. 

No. 12 —£00 to 4000-volt, 250-kilowatt power transformers arranged for Scott two-phase 
three-phase connection. 

An observer was stationed at each of the instruments shown 
in the diagram. In addition several assistants were necessary 



Input-Output Tests, Motor-Generator Set 
Diagram of Connections 


in order to control properly the supply circuit and to maintain 
constant load. 

The test was conducted as follows: 

Having adjusted the voltage and current of the generator, 
and the power factor, voltage and frequency of the motor supply 
circuit, at each load a series of simultaneous readings was taken 
at d efini te time intervals. The signal to read was given by 
blowing a whistle. Ten readings, five seconds apart, were 
taken at each load and the average of these ten readings was 
considered the true value. 

Notwithstanding the precautions taken to insure accuracy, 
an examination of the tabulated results shows that the efficiencies 








1912] 


OLIN: POWER EFFICIENCY 


1711 


indicated by the readings of different instruments differ by as 
much as 2 per cent. 

It is to be noted that the use of current and potential trans¬ 
formers or other multipliers necessary in tests of this kind in¬ 
creases the liability of error. 

In addition to the fluctuations of the supply circuit, another 
contributing factor tending to inaccuracy is the variation in 
the generator load due to changes in the resistance of that circuit. 
If grid resistance or water rheostats are employed for loading, 
fluctuations will occur due to slight changes in the temperature 
of the water or metal used. These fluctuations will affect all 
of the measuring instruments. If the current is “ pumped back 
into a power circuit the tendency of such circuits to oscillate 
will be magnified, causing greater swinging of the meter pointers. 

The use of integrating instruments has been proposed as a 
solution of the difficult problem of accurately measuring the 
fluctuating currents during these tests. It is argued that if 
such instruments were used and comparative readings taken in 
both incoming and outgoing circuits over a long period of time, 
the true value of efficiency would be indicated. 

Tests which have been conducted according to this plan have 
not been satisfactory. In fact the results have been uniformly 
more unreliable than with indicating instruments. This is due 
to the inherent inaccuracy of the heavy capacity direct-cur¬ 
rent watt-hour meter. No heavy capacity instrument of this 
type with which the writer is acquainted can be relied on to 
give correct values within 2 per cent. 


In discussing the derivation of efficiency by the summation 
of loss method it has been pointed out that at any given load 
the only losses which cannot be accurately determined from no- 
load measurements are the rotation loss and the loss due to eddy 
currents caused by the stray fields of useful currents. 

Therefore the empirical correcting factors which it is proposed 
to use in connection with the no-load values of the separate 
losses would be applied to these losses only, and not to the sum 
of all the losses. 

The data given in Tables B and C, at the end of this paper, 
show the use of these constants in working up some actual tests. 
A comparison is made between the efficiencies obtained from 
input-output tests and those computed by the separate loss 
method using correcting factors as outlined above. 
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The data cover tests of direct-current motors, induction 
motors, motor-generators and synchronous converters. The 
tests of motors are all average tests, that is, they have been 
taken at random from a large number of tests made by average 
men, who did not have in mind the determination of load-loss 
constants when making the tests. 

The constants used are the averages of those indicated by 
a number of very careful input-output tests of motor-generators. 
Two of these were made for the particular purpose of determining 
these constants. The same constants are used in all cases for 
the same types of machines, and it is worthy of note that the 
results throughout are fairly uniform. In some cases the values 
run higher by separate losses, and in some cases lower, than by 
input-output. 

Two different constants have been used, constant K, a mul¬ 
tiplying factor applied to the Pr loss values to compensate for 
eddy current losses under load, and constant K ', applied to the 
rotation loss values to compensate for increased losses due to 
field distortion. 

The values of K and K' will vary over a considerable range 
depending upon the characteristics of the apparatus. 

In the case of both alternating- and direct-current machines of 
low frequency, K is in most cases but slightly greater than unity, 
but for the higher frequencies this constant is considerably 
greater, especially with machines having deep slots and conduct¬ 
ors of large cross-section. 

The value of K' for compensated machines, such as induction 
motors and synchronous converters, is but little, if any, greater 
than unity, whereas in non-compensated generators and motors 
with large field distortion, K f may be as high as two at rated load. 

Attention is called to the data in Table D relating to 
input-output tests of 15 induction motors made under average 
conditions. In working up the efficiencies from the separate 
losses no multiplying factors were used, as load losses were con¬ 
sidered negligible. When compared with the efficiencies ob¬ 
tained by prony brake, in nine cases the efficiency is lower by 
the separate losses than by input-output, showing not only the 
unreliability of the prony brake, but also that the load losses, 
if any, are so small that they can be ignored. 

In Table E, data are given relating to some careful input- 
output tests of a 50-kw. motor-generator and of a 1000-kw. 
synchronous converter. 
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Considering first the motor-generator data, Table E, tests 
No. 1, 2, 3 and 4 refer to separate and distinct tests made on 
different days, by the same observers with the same instruments. 
Although the conditions were as nearly ideal as possible and 
extreme care was taken, the results, which should have been 
identical, showed a maximum variation of 2.3 per cent. 

In the case of the synchronous converter, four tests were made 
with different sets of instruments, each of which had been ad¬ 
justed and carefully calibrated immediately before the tests 
were made. As much care was exercised as in the case of the 
motor-generator, but the results show discrepancies of as much 
as 2.4 per cent in efficiency. 

In these synchronous converter tests, as in several others made 
under the writer’s supervision, the efficiencies by input-output 
very frequently show higher than by the separate losses, indi¬ 
cating that load losses in machines of this type are a negligible 
quantity. 

It is not contended that the constants used in working up 
these tests are the values that will finally be indicated after a 
large amount of data has been collected. The data submitted 
herein are given to demonstrate the method and not to indicate 
the values of the constants. It is conceded that an insufficient 
number of accurate test records are available at present to 
establish the values of these constants. It is doubtful if such 
records are in existence, as the writer’s investigations lead him 
to believe that surprisingly few accurate input-output tests have 
been made. This belief is based not only on his own experience 
but also on conversations and correspondence with engineers 
in different localities. 

It is urged that those who have data bearing on this subject 
will bring them forward and that hereafter the determination 
of these constants will be kept in mind w r hen efficiency tests 
are being made. 

The fact that these figures are not available does not indicate 
that few input-output tests have been conducted. On the con¬ 
trary they have been made repeatedly. Few engineers, however, 
have had the time, the money, or the patience necessary to obtain 
accurate results. The average input-output test of motor-gener¬ 
ators and converters is ^perhaps accurate within If to 2 per cent. 
Motor efficiency by prony brake probably averages between 1 
and If per cent of the true value. 

In conclusion it may be stated that efficiency guarantees 
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based upon the summation of the separate losses without change 
to allow for increases due to load, are entirely satisfactory as a 
basis for comparing one manufacturer’s machines with those of 
any other maker. It is true that the actual efficiencies in either 
case will in some types of machines be slightly lower than those 
indicated by the separate losses. But, for the same separate 
no-load losses, the load losses will be practically identical, pro¬ 
vided the temperatures, the regulation and the commutation 
correspond. 

It is of course desirable that the actual efficiencies be known, 
and it is the writer’s opinion that the simplest and most accurate 
method for determining the true values is by the summation 
of losses with some correcting factors as described in this paper. 
TTI tirna. tely he believes that this general method should be 
adopted as the Institute standard. 


TABLE D 

INDUCTION MOTORS 


Kw. 

Input 

Kw. output 

Efficiencies 

Discrepancy 

[ 

Input minus 
losses 

Input- 
output test 

*By separate 
losses 

tBy input- 
output test 

i 40.3 

36.7 

37.3 

91.1 

92.5 

+ 1.4 

i 42.2 

3S-0 

37.3 

90.0 

88.5 

-1.5 

! 41.3 

37.0 

37.3 

89.5 

90.3 

+0.8 

40.9 

36.9 

37.3 

90.2 

91.2 

+ 1.0 

| 50 

44.4 

44.76 

88.8 

89.6 

+0.8 

! 62.2 

57.2 

56.0 

92.0 

90.0 

-2.0 

60.1 

55.3 

56.0 

91.9 

93.2 

+ 1.3 

| 62.5 

56.5 

56.0 

90.3 

S9.6 

-0.7 

61.4 

i 56.1 

56.0 

91.3 

88.0 

-3.3 

4.4 

3.8 

3.73 

86.3 

85.0 

- 1.3 

6.63 

5.53 

5.6 

83.4 

84.5 

+ 1.5 

12.45 

11.13 

11.2 

89.3 

90.0 

+0.7 

16.34 

14.78 

14.92 

90.2 

91.1 

+0.9 

119.5 

119.5 

111.9 

93.5 

93.5 

0.0 

29.4 

25.55 

1 

26.1 

86.8 

88.8 

+2.0 


*No allowance made for "load losses.” 
tMechanical output by prony brake. 
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DIRECT- CURRENT MOTORS 



OLIN: POWER EFFICIENCY 


[June 28 


C O O O O 

1 + + I 1 


OC HH H 




o >> s a 

!« 


d §•§ 1 


TH CO O CC CO 

O to N 00 

CO t}« «0 u0 


00 N (D CO H 

t- Tft 05 iQ 00 

co ^ *o *o 


o 00 O O 00 

CO 'ijt Tjt CO N 

CO N 00 ffl H 


N 00 © W O 

O Cl CO N O 

tO N 00 CO H 


tf O O M « 

i* CO H O 

W CM <M CM <M 


O CO 00 o o 

N tO ^ « h 

N (M « N N 


oooo»o 

>0 Tjt' M O 00 
^ ytf -r)t •*$ CO 


CO 00 oo »o CO 

CO N H o Q 

Tft Tj< T*l eo 


CO o *o o 

CO N ‘CO ^ 
l> l> l> 


Tj< ^ ^ rjt tH 


8 g *43 u 
T c a c 

° qj 3 o 
oi p. g £ 


• > fi o 
ft p O "c 

j=! u ° §. 


*r e '■§ § 

C0 4) "S 2 


A U rt o 

o « +j ■s 
w a 3 2 
N g g 


*No allowance made for “ load losses.” 
tMechanical output by prony brake. 
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t Mechanical output by prony brake. 
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Discussion on <£ Determination of Power Efficiency of 
Rotating Electric Machines” (Olin), Boston, Mass., 
June 28, 1912. 

C. M. Green: I have had quite a little experience and diffi¬ 
culty in making efficiency tests on old arc machines—particularly 
the Brush arc generator. The input and output method, to the 
best of my knowledge, is the only method by which the efficiency 
of these machines can be determined, due to the fact of the large 
influence which the current in the armature has, at ordinary loads, 
on the eddy currents in the pole shoes and core loss. Furthermore, 
the field excitation on the Brush, etc., machines with no current 
in the armature, and rated volts, runs about 25 per cent of that 
with normal current and rated volts in the armature, so you 
may see that the effect of the armature current upon the field wind¬ 
ings is very abnormal. There is absolutely no question about 
the difficulty of making input and output efficiency tests. It is 
extremely difficult to get results which will check day in and day 
out. There is a continual variation of at least 2 or 3 per cent 
in the efficiency. 

B. G. Lamme: I have gone over this paper of Mr. Olin’s 
and discussed the matter with him personally to some extent, 
and I gather that the object of his paper was not so much to 
bring out a definite method of determining efficiency, as to show 
that there is a possibility of getting better results by the summa¬ 
tion of separate losses than by the input and output method, 
unless the latter is carried out under laboratory methods. He 
has made a pretty good case of it. I have gone into this matter 
pretty thoroughly myself, and have calculated the load losses of 
various machines, and it is a very complicated problem to cal¬ 
culate these losses with any great accuracy; too complicated to 
be practicable as a basis for an acceptance test. But such cal¬ 
culations indicate that there are certain relations of load losses 
in most machines to the other losses, so that by some form of 
correcting factor, which we will doubtless determine some day, 
we can add a correction to the known measurable losses and ob¬ 
tain a result which is more reliable than can be obtained with the 
input-output tests. I have seen some very accurate input-out¬ 
put tests made, and even in the case of the most accurate ones, 
I had no confidence in the first one made; I had to see a second 
test to verify the first, or possibly sometimes a third one to verify 
the other two. If they all agreed, then I considered either that 
they were all accurate, or that there were equal errors in each. If 
I knew, beforehand, what the true losses were, then I might accept 
the first test; otherwise I would not. I believe that, in practise, 
any method is an approximation; but what we want is an approxi¬ 
mation in which the principal items can be computed directly 
fro£i simple and reliable measurements. I believe, as sufficient 
data are gathered a satisfactory method will be obtained for intro¬ 
ducing a correcting factor for load losses, which factor may be 
varied for different types of machines. 
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E. M. Olin: In regard to the difficulty of testing the machine 
of which Mr. Green has spoken, by the input-output method, my 
recollection is that it does not have any efficiency anyway, and 
any method will do as well as another. The point I make m this 
paper is that the input-output method is a laboratory method 
and as such is not adapted to an ordinary shop test. 



A paper presented &t the 29th Annual Con¬ 
vention of the American Institute of Electrical 
Engineers , Boston, MassJune 28, 11)12. 


Copyright, 1912. By A. I. E. E. 


THE SQUIRREL-CAGE INDUCTION GENERATOR 


BY H. M. HOBART AND E. KNOWLTON 


A careful examination of the various attributes of the induc¬ 
tion generator discloses its appropriateness for certain classes of 
work. It is the purpose of this paper to describe these attributes 
and to endeavor to deduce therefrom the correct economic 
field for such machines. 

In the design of induction generators, attention must be given 
to certain matters which do not come in for consideration in the 
design of synchronous generators. Notable amongst these is the 
requirement that the machine shall have a fairly short air gap, 
whereas it is usually preferable that the air gaps of synchronous 
generators shall be of considerable radial depth. In the induc¬ 
tion generator the fairly short air gap is rendered essential by 
the circumstance that the magnetomotive force occasioning the 
flux is provided in the same windings which supply electricity 
to the external circuit. The current in the stator windings is 
the resultant of this exciting current and of the main current 
delivered to the load. The greater the air gap, the greater is the 
m.m.f. required to overcome its reluctance, and the greater, con¬ 
sequently, is the exciting component of the total current in the 
stator windings. 

It is not alone with the object of reducing to a minimum the 
total current in the stator windings corresponding to a certain 
output, that we strive to minimize the exciting current, but it is 
also with the object of decreasing the size (and cost) of the appa¬ 
ratus from which this exciting current is obtained. 

Let us assume the case of a certain induction generator, in 
which the exciting current per phase (at full load) is 35 amperes, 
and the current output from the machine at full load is 100 
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amperes. These component currents and their resultant are 
shown in Fig. 1, and it is seen that the resultant current in the 
stator windings is 

V 35 2 + 100 * = 106 amperes 


The PR loss in the stator windings is 12 per cent greater 
(since 1.06 2 = 1 . 12 ) than 
would be the case had the 
windings only to carry the 
main current of 100 amperes. 

Nevertheless this superposi¬ 
tion of the exciting and main 



currents is economical, for if 
two independent windings 
were provided for them as 
indicated in Fig. 2, it would 


Fig. 1—Diagram Showing Com¬ 
ponent and Resultant Currents in 
the Windings of One Phase of an 
Induction Generator. 


be necessary to provide an 

aggregate carrying capacity for (100 + 35) = 135 amperes in 
these two windings, whereas the carrying capacity of the single 
winding indicated in Fig. 3, need only be proportioned for 106 
amperes. Or, for the same aggregate weight (and outlay) for 



F IG . 2—Sketch of Stator Slot and Diagram of Stator Wind¬ 
ings of a Hypothetical Three-phase Induction Generator Provided 
with Separate Windings for the Main Current and the Exciting 
Current. 


copper in the two cases, as indicated in Fig. 4, the losses would be 
proportional to 

I .352 _ 1 82 for the two independent windings as against 
only 

1.06 2 = 1.12 for the single winding. 

A single winding is always employed, not only for this reason 
but on account of the high degree of simplicity attending the 
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operation of such generators. But since it may be of interest to 
engineers who have not heretofore given much thought to the 
subject of induction generators, there are shown in Figs. 5 and 6 


Cl 

S 


Fig. 3—Sketch of Stator Slot and Diagram of Stator Wind¬ 
ings of a Three-phase Induction Generator Provided in the 
Usual Way with a Single Winding in which the Main and Excit¬ 
ing Components of the Current are Superposed. 

the connections which would correspond to the two respective 
arrangements which have been mentioned. 

In Fig. 5, the exciter A is shown as a synchronous polyphase 
generator. The excitation for A is, in turn, provided by the 





Fig. 4—Sketches of Slots and Windings for Two Cases, 
Relating Respectively to Two Independent Windings for the 
Exciting and Main Currents and to a Single Winding in which 
These Currents are Superposed. 

The I Z R loss in the first case (represented at the left) is 62 per cent greater, for a given 
load, than in the second case (represented at the right). 

direct-current generator B. The polyphase exciter A supplies 
35 amperes to the independent exciting winding C of the induc¬ 
tion generator. D is the main winding of the induction generator 
and it delivers 100 amperes to the step-up transformers E of 
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a three-phase transmission system F. In Fig. 6 the synchronous 
generator A is shown as not only supplying the excitation to 
the induction generator I, but as also supplying current, through 
step-up transformers G, to the three-phase transmission system 
F. If the synchronous generator A also delivers 100 amperes to 
its step-up transformers in addition to the 35 amperes of excita- 



Fig. 5—Connections for Operating a Hypothetical Induction 
Generator Provided with a Separate Winding for Its Excitation, 
the Excitation being Supplied from a Small Synchronous Machine. 

C is the induction generator's exciting winding; D is its main winding; A is the 
synchronous exciter and B is the latter’s continuous-current exciter. 

tion which it supplies to the induction generator I, then the 
current in its windings (if the 100 amperes is at unity power 
factor) will be 

vT66 2 + 352 = 106 amperes. 



Fig. 6—-Connections for Operating a Hypothetical Induction 
Generator / with Separate Exciting and Main Windings, in 
Parallel with a Synchronous Generator A, the Latter also Sup¬ 
plying the Excitation for the Induction Generator. 


Consequently, although the supply from the synchronous genera¬ 
tor to the transmission system is at unity power factor, 
nevertheless the power factor of the resultant load on A is only 


100 

106 


0.944 
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As already stated, the induction generator is never, in practise, 
furnished with two independent windings for carrying respect¬ 
ively the magnetizing current and the main current. On the 
contrary, it is invariably supplied with only one winding and this 
winding carries the resultant current. The arrangement is 
shown in Fig. 7. The induction generator I still obtains its 
excitation from the synchronous generator A. 

The supply of the wattless component devolves entirely upon 
the synchronous generator A. Let us consider the case of 200 
amperes delivered at 0.80 power factor to the transmission sys¬ 
tem. We may proceed as follows: 

Energy component = 0.80 X 200 = 160 amperes 
Wattless “ = V200 2 — 160 2 = 120 amperes. 



Fig. 7—Connections Usually Adopted for an Induction Gen¬ 
erator I Operated in Parallel with a Synchronous Generator^. 

If the induction generator's capacity is only 100 amperes 
output and 106 amperes input (the figures we have taken up 
to this point), then the synchronous generator must provide 
to the transmission line not only an energy component of 
160 -100 = 60 amperes but also a wattless component of 120 
amperes. Furthermore it must provide to the induction generator 
a wattless component of 35 amperes. Thus the synchronous 
generator's total output is made up of an energy component of 60 
amperes and a wattless component of 120 + 35 = 155 amperes. 
The resultant current from the synchronous generator is con¬ 
sequently 


V60 2 + 155 2 = 166 amperes. 
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Furthermore, this current is supplied at a power factor of only 



We have now roughly examined two cases. These have both 
related to the supply of 200 amperes to a transmission system. 
In the first case this 200 amperes was at unity power factor and 
in the second case it was at a. power factor of 0.80. In both cases 
the induction generator supplies 100 amperes at unity power 
factor. In the first case it devolves upon the synchronous gener¬ 
ator to supply 106 amperes at a power factor of 0.944 and in the 
second case, 166 amperes at a power factor of 0.36. For the 
second case the synchronous generator would be required to have 
a thermal capacity for a 57 per cent greater kilovolt-ampere 
output than in the first case. The point to be noted is that the 
induction generator’s limitation that it can only deal with a 
unity power factor load has for a consequence that the syn¬ 
chronous machines with which it operates in parallel must bear 
the burden of providing not only the entire wattless component 
of the load on the transmission system, but also the magnetizing 
current for the induction generator. In many instances, how¬ 
ever, the circumstances are much more favorable than in the 
case taken for the purpose of the above explanation. 

These examples emphasize the point that the induction gen¬ 
erator is, in general, much less useful in connection with supply¬ 
ing a circuit connected to a load of low and lagging power factor 
than it is for supplying unity power factor circuits. As will be 
made clear in the course of this paper, while the economic field for 
the induction generator is not necessarily exclusively limited to the 
supply of electricity to unity power factor circuits, nevertheless 
the requirements are more appropriately met by including in the 
generating station equipment a certain proportion of induction 
generators, when the supply is for a unity power factor system, 
or better still, for a system in which the power factor is less than 
unity and the current leading. 

So let us first consider the case of a large generating station 
for the supply of 60-cycle electricity to synchronous substations. 

For the high speeds corresponding to the preferable design of 
steam turbines, the induction generator is, in most respects, 
pre-eminently appropriate not only as regards its electrical but 
also its mechanical characteristics. Let- us fix ideas by taking 
the case of a 5000-kw. unit for 60 cycles. Such a unit would be 




1912] 


INDUCTION GENERATOR 


1727 


designed for a speed of either 1800 rev. per min., in which case the 
generator would be designed with four poles, or else a speed 
of 3600 rev. per min. would be employed, the generator being 
designed for two poles. In the former case, the generator could 
be either of the synchronous or of the induction type. In the 
latter case (i.e., when employing only two poles), while a design of 
the synchronous type presents such grave difficulties that 3600 
rev. per min. machines are rarely built for more than one-half this 
rating, the conditions are in most respects especially favorable 
for the design of an induction generator. Figs. 8 and 9 show 




Fig. 8—Typical Construction for a Bipolar Synchronous 
Generator. 

the rotor construction of the synchronous and induction gener¬ 
ators respectively. The smaller amount of copper and the ab¬ 
sence of insulation, end connections, slip rings and brushes greatly 
simplifies the mechanical construction of the induction rotor. 

The advantages of employing for this output (5000 kw. at 
60 cycles) a speed of 3600 rev. per min. relate to the lesser weight, 
lower cost, or lower steam consumption of such a set as compared 
with a set for the lower speed of only 1800 rev. per min. 

Some estimates have been made regarding the cost of a. com¬ 
plete turbo-generator set* comprising such a 5000-kw. bipolar 
3600-rev. per min. induction generator. Representing this cost 
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by 100, the cost of a turbine-driven synchronous set for the same 
output of 5000 kw. at unity power factor, but having four poles 
and operating at a speed of 1800 rev. per min., works out at 125. 
But the power factor of high-speed induction generators will 
be of the order of 0.95 to 0.97 (according to the radial depth of 
the air gap) and hence even when the power factor of the sys¬ 
tem supplied by the generating station is unity, nevertheless the 
synchronous generators will have a power factor of less than 



Fig. 9—Typical Construction for a High-Speed Induction Gen¬ 
erator. 

unity, since they must supply the magnetizing current for the 
induction generators. If we install 5000-kv-a. sets and if we have 
the same number of induction and synchronous generators, i.e., 
if we have one synchronous generator for each induction gener¬ 
ator and if the load on the station at any time is equally divided 
between the two types, then the load on the synchronous gener¬ 
ator will be of the order of, say, 0.95 power factor. When the 
generator is designed for an output of 5000 kw. at 0.95 power 
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factor (or an output of 5250 kv-a.) the cost of the complete 
synchronous set increases to 129. The two sets (one with an 
induction generator and the other with a synchronous generator) 
cost 100 + 129 = 229. 

This is just about the cost of a four-pole, 10,000-kw., 100 per 
cent power factor synchronous turbine-driven set for a speed of 
1800 rev. per min. 

But certain very distinct advantages are in some cases at¬ 
tained by the use of two 5000-kw. sets in place of a single 10,000- 
kw. set when the capital outlay is as low for the two 5000-kw. 
sets as for the single 10,000-kw r . set. Thus, suppose we have a 
station equipped with three synchronous and three induction 
generators, each of the six generators having a capacity for 5000 
kw. and the synchronous generators having the slight excess 
capacity required for exciting the induction generators. When 
the load does not exceed 5000 kw., the station can be operated 
with only one generator and this will be of the synchronous type. 
It will have better economy than a 10,000-kw. set operated at 
less than half load. When the load is increased to between 5000 
and 10,000 kw., one of the induction sets will be thrown on and 
will run up without requiring synchronizing. When the load 
exceeds 10,000 kw. but is less than 15,000 kw., a second induc¬ 
tion generator will be put in circuit and the two induction gen¬ 
erators will be excited by a single synchronous generator. Owing 
to their higher speed (3600 as against 1800 rev. per min.), the 
induction generators will have a slightly lower steam consump¬ 
tion than the synchronous generators and hence it will be in the 
interests of economy (and also of simplicity in operation) to 
have in circuit at any time a maximum of capacity in induction 
sets and a minimum of capacity in synchronous sets. In fact, 
of two alternative layouts for a generating station to supply a 
given load, two 5000-kw. synchronous and three 5000-kw. 
induction sets would usually be the practical equivalent (as 
regards adequate provision for spare plant), of three 10,000-kw. 
synchronous sets. The capital cost would be: 

Five 5000-kw. sets 3 X 100 + 2 X 129 = 558. 

Three 10,000-kw. sets 3 X 220 = 660 

The initial outlay for generating sets would thus be consider¬ 
ably greater in the latter case and there would be no compensating 
advantage in the matter of lower steam consumption, but rather 
the reverse. Furthermore, the outlay for switch gear and control- 
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ling apparatus would be no greater in the first instance, owing to 
the greater simplicity in operating induction generators. A much 
smaller aggregate capacity of exciter sets would be required for the 
first proposition. But this superiority of the first proposition only 
holds for a system consuming electricity of unity power factor, 
or for a system requiring a leading current, as, for instance, a 
system in which all the electricity from the generating station 
is delivered to synchronous substations. To emphasize this 



Fig. 10 —Vector Diagram of the 
Energy Component, Wattless Com¬ 
ponent and Resultant kv-a. for a 
System Consuming 10,000 kw. at a 
Power Factor of 0.80. 



Fig. 11 —Vector Diagram of the 
Energy Component, Wattless Com¬ 
ponent and Resultant kv-a. in the 
Windings of a 5000-kw. Induction 
Generator. 



5000 K.W. 


Fig. 12 —Vector Diagram 
of the Energy Component, 
Wattless Component and 
Resultant kv-a. in the 
Windings of a 5000-kw. Syn¬ 
chronous Generator Oper¬ 
ating in Parallel with a 
5000-kw. Induction Gener¬ 
ator in Supplying 10,000 kw. 
at a Power Factor of 0.80. 


point let us carry through an estimate for a case where the power 
factor of the system is 0.80. Let us consider that there 
is one synchronous generator and one induction generator. 
The former has four poles, runs at 1800 rev. per min. and 
has an output of 5000 kw. The latter has two poles, 
runs at 3600 rev. per min. and has an output of 5000 kw. The 
induction generator cannot supply the lagging component, con¬ 
sequently the synchronous generator must supply twice as great 
a lagging component as would be the case were both generators 
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of the synchronous type. Indeed, the synchronous generator 
must also supply the magnetizing current for the induction 
generator. The system supplied by the two generators consumes 

10,000 lew. at 0.80 power factor or ^ 12,500 kv-a. The 

diagram conforming to these conditions is .shown in Fig. 10 and 
it is seen that the wattless component of the electricity con¬ 
sumed by the system is 7480 kv-a. 

The induction generator only supplies 5000 kw. and is not 
competent to supply any part of the wattless component. Con¬ 
sequently this entire wattless component of 7480 kv-a. must be 
carried by the synchronous generator in addition to an energy 
component of 5000 kw. (its half of the 10,000 kw.). Furthermore 
the synchronous generator must supply the magnetizing kilo¬ 
volt-amperes for the induction generator. This is seen from the 
diagram in Fig. 11 to amount to 1610 kv-a., which brings the 
total wattless component of the load on the synchronous gener¬ 
ator up to 7480 + 1610 = 9090 kv-a. j 

The total capacity required of the synchronous generator is 
seen from the diagram in Fig. 12 to be 10,360 kv-a. 

_ . x . 5000 n aq 

Its power factor is ^ = 0.48. 

From similar calculations at other power factors and from some 
preliminary cost estimates, the following table has been derived. 


Power factor of the system supplied. ... 
Power factor 3600-rev. per min. ind. gen. 
Power factor 1800-rev. per min. syn. gen. 
Kv-a. capacity of ISOO-rev. per min. syn. 

gen.. 

Excitation of syn. gen. (in kw.). 

Initial cost of syn. gen. set (/.<?., including 

turbine).. 

Initial cost of ind. gen set (i.e., including 

turbine). 

Total for the two gen. sets. 

Cost for one 1800-rev. per min. syn. gen. 
set of 10,000 kw. rated output at the 
power factor of the system.. 


1,00 

0.90 

0.95 

0.95 

0.95 

0.61 

5250 

8200 

26 

42 

129 

155 

100 

100 

229 

255 

220 

_ 


0.80 

0.70 

0.95 

0.95 

0.48 

0.39 

10,400 

12,900 

50 

60 

175 

196 

100 

100 

275 

296 

240 

_ 


This table has been deduced and included in order to direct 
into right channels the exploitation of the induction generator. 
While the simplicity of the induction generator and various other 
features relating to its operation to which attention will be di¬ 
rected in a later section of this paper, indicate for it an appro¬ 
priate field other than in systems of unity power factor, 
nevertheless, it is hardly possible to emphasize too strongly the 
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rapid increase in the burden which a decreasing power factor 
throws on the synchronous generator in a system supplied jointly 
by the two types of generating sets. 

A study has been made of a 30,000-kw. turbine-driven’ set in 
which the high-pressure stages are incorporated in a 15,000-kw. 
bipolar 1500-rev. per min. 25-cycle set of the induction type; 
the low-pressure stages being incorporated in a 15,000-kw., 




Fig. 13 —General Arrangement of a 30,000-kw. Turbo-Generator 
Comprising Two Components. 

These components consist of a 15,000-kw., 1500-rev. per min. induction set and a 
15,000-kw., 750 rev. per mifi. synchronous set. 

four-pole, 750-rev. per min. 25-cyele set of the synchronous 
type. Such a plan gives a self-contained set and permits of 
very material advantages, foremost amongst which are those 
relating to obtaining a high thermodynamic efficiency. The 
estimates indicate that such a set would yield a very fine per¬ 
formance. The general arrangement of this 30,000-kw. set is 
indicated in Fig. 13. 
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The Design of Induction Generators 
Were it not for the fairly small radial depth of the air gap the 
design of the stator would not differ in any material respect from 
that appropriate for a synchronous generator of the same rating 
as regards output, speed and periodicity. But the appropriate 
radial depth for the air gap is a matter of only a few millimeters 
in the case of. induction generators, instead of a matter of a few 
centimeters which is appropriate for large synchronous generators. 
In Fig. 14 is given a curve showing the variation in power factor 
for varying depths of air gap for a 2500-kv-a., 3600-rev. per min. 
induction generator. 

The small air gap precludes the employment of wide open 



stator slots, for with such a construction, the surface of the rotor 
is the seat of serious losses. These losses consist both of eddy 
current losses and of hysteresis losses and correspond to a 
frequency depending upon the number of stator slots and speed. 
Thus in a 25-cycle, four-pole machine running at 750 rev. per 
min., and having 72 stator slots, the periodicity of the magnetic 
pulsations occasioned at the surface of the rotor as it revolves 

past the stator teeth is — = cycles per second. 

The losses are due to the local alterations in the reluctance of 
the magnetic circuit followed by the lines of self-induction of 
the stator winding. Consequently, while the losses are of but 

*The factor 2 appaars on account of there bring a wave peak at each 
tooth, with a valley at the slot, making 900 cycles per second. 
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little consequence at no-load (since the current in the stator 
winding is then merely the magnetizing current), the losses at 
rated load would, with wide open stator slots, be very consider¬ 
able. Obviously, then, the stator slots should be closed (or, at 
any rate, overhung), so that the flux of self-induction of the stator 
winding shall not cross over into the rotor in any considerable 
quantity. Furthermore it is important to keep down to a 
reasonably small value, the magnetomotive force corresponding 
to the stator conductors in a single slot when they are carrying 
full load current, for the greater the magnetomotive force, the 
greater will be the amplitude of the disturbances giving rise to 
the parasitic losses. Thus in an induction generator it is much 
more essential than it is in a synchronous generator, to subdivide 
the winding amongst many small slots instead of concentrating 
it in a few large slots. 

Similar considerations should be observed in the design of 
the rotor. The rotor conductors are arranged, one per slot, in 
closed slots. If the magnetomotive force of each rotor conductor 
is sufficiently great, serious parasitic losses will be occasioned in 
the stator teeth. The periodicities of these disturbances in 
the stator due to the rotor will be proportional to the speed and 
to the number of rotor slots. Thus in a 750-rev. per min., four- 
pole, 25-cycle induction generator with 60 rotor slots, the perio¬ 
dicity of the magnetic disturbances will be 


2X750X60 

120 


750 cycles per second. 


Consequently it is important that, both in the stator and in the 
rotor, the conductors be well distributed. These considerations 
indicate that the European practise of employing hand winding 
in closed slots has a greater justification for induction generators 
than for synchronous generators. But if it is preferred to employ 
form-wound stator coils, it is feasible, after the windings have 
been placed in the slots, to close the slots by the insertion of 
magnetic wedges. Such wedges have been developed and em¬ 
ployed experimentally on one of the 11,000-volt, four-pole, 
25-cycle, 750-rev. per min., 7500-kw. induction generators built 
for the Interborough Rapid Transit Company's 59th Street 
station. 

Tests of considerable interest were made on this generator, 
both with laminated magnetic wedges and with wooden wedges. 
There are five 7500-kw. induction generator sets in the station, 





















1912] 


IND UCTION GENERA TOR 


1735 


driven by turbines supplied with exhaust steam from five 7500- 
kw. low-speed reciprocating sets. All the induction generators 
were originally equipped with wooden wedges and the radial depth 
of the air gap was 0.15 in. The arrangement of the stator and 
rotor slots is shown in Fig. 15. To study the magnetic disturb¬ 
ances occurring with increasing load, exploring coils were 
, wound around the tips of four adjacent stator teeth. It was 
determined to supply four exploring coils for the reason that 
the machine had a fractional-pitch winding and the conditions 
differ to a certain extent in different teeth. The relation of the 
location of the exploring coils to the windings of the three phases 
is indicated in Fig. 16. Each exploring coil consists of a single 



Fig. 15 —Arrangement of Stator and Rotor Slots of a 7500-kw. 

Induction Generator. 

turn of number 18 B. & S. wire. Oscillograph records were 
taken at the terminals of these exploring coils and served to 
disclose the presence and amplitude of the ripples superposed 
upon the main flux. The amplitude of these ripples was very 
considerable, and their periodicity was 750 cycles per second, 
corresponding to 60 rotor slots and the turbine’s speed, which 
was 750 rev. per min. It must be observed that these ripples 
were present notwithstanding that the rotor conductors were 
located in holes, the upper surfaces of which were 12 mm. (0.5 in.) 
below the surface of the rotor. It is fair to conclude that had 
a similar study been made by means of an exploring coil wound 
around a rotor tooth, we should have verified the presence of 
900-cycle ripples in the rotor teeth. The amplitude of the ripples 
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increased with the load. This is interestingly shown in the 
records in Figs. 17 and 18. Those at the left relate to the machine 
when the stator coils were retained by wooden wedges and those 
at the right were obtained from tests made after replacing the 
wooden wedges by a set of experimental laminated magnetic 
■wedges. Both sets of records have been re-drawn to bring them 
to the same scale. In Fig. 19 are plotted two curves showing the 
magnitude of the ripples in the stator as a function of the load, 
for a machine with wooden wedges and a 3.8-mm. (0.15-in., 



F IG . 16—Location of Exploring Coils for Investigating Ripples 
in Stator Teeth. 

air gap, and also for this machine when re-fitted with the experi¬ 
mental magnetic wedges and with the air gap increased to 6 .4 
mm. (0.25 in.). This increase in the air gap was accomplished by 
tur ning down the rotor. The heating tests on the machine did 
not indicate, however, that the change in the air gap materially 
affected the losses. The difference in the magnitude of the rip¬ 
ples is correctly ascribed to the substitution of the magnetic 
wedges. 

It must be'especially noted that these experimental magnetic 
wedges were fitted to the stator slots for the express purpose of 
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Fig. 18 —Tooth Ripples on 7500-kw, Induction Generators, 
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studying, by temperature measurements, the decrease ui the 
losses in the rotor due to the 900-evcle ripples occasioned m the 
rotor by the large concentrated magnetomotive haves m the 
stator slots. The slight diminution shown m I'hgs- G. ls ;ini1 O 
to have been occasioned in the amplitude of the 720-cyele ripples 
in the stator teeth was only an incidental gain, superposed upon 
the great diminution in the amplitude of the ripples winch is 
brought about by embedding the rotor conductors 12 mm. (0.5 



Fig. 10—Curves Showing Diminution in Ambit n or., or Kim ,eh 
in Stator Teeth when Kneekimevi.u, M \gm in WMti-i-/* were 
Substituted eok Wooden Wedges. 

in.) below the rotor surface. So far as decrease in tin* losses in 
the stator is concerned, the addition of these experimental 
magnetic wedges is more or less analogous to deepening by a. few 
more millimeters the location of the rotor bars. 11 it had been 
practicable to provide exploring coils around the rotor teeth, 
oscillograph records would assuredly have disclosed a diminution 
in the 000-cycle ripples in the rotor, in a ratio out of all propor 
lion greater than the relatively slight diminution observed in 
the 720-cycle ripples in the stator as shown in Fig.., IT and 18, 
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No-Load Losses 

After eliminating the friction of the turbine wheels the bearing 
friction and generator windage was ascertained to amount to 
120 kw. The core loss at no-load w r as ascertained to be 175 kw. 
with the wooden-wedge construction and 135 lew. with the 
magnetic-wedge construction. 

In each case the machine was cooled by the circulation through 
it of 30,000 cu. ft. of air per minute. 

The ultimate rise of temperature at no-load as observed by 
thermometric readings of the temperature of the outgoing air 
varied considerably in various tests, but may, for the magnetic- 
wedge construction, be taken as about 13.5 deg. cent. 

The internal losses to which the temperature rise of the air 
is due, aggregated 

bearing friction and windage + core loss = 120 + 135 = 255 
kw. 

The loss per degree rise of temperature was thus 

255 0 

13.5 18-9 kw ' 

The loss per cubic foot of air per degree rise, is 
60 X 30'000 = °- 0105 ^tt-hours. 

Load Tests 

When tested at the rated load of 7500 kw. the temperature rise 
of the outlet air was 

25 deg. cent, with wooden wedges. 

20 deg. cent, with magnetic wedges. 

Employing for the estimation of the total losses at rated 
load the value of 18.9 kw. loss per degree rise, we obtain 

Total internal losses at rated load with wooden wedges = 
25 X 18.9 = 473 kw. 

Total internal losses at rated load with magnetic wedges 
= 20 X 18.9 = 378 kw. 

From the resistance of the stator windings and of the squirrel 
cage, the legitimate PR losses are ascertained to be 

Full-load PR loss in stator windings, 18 kw. 

Full-load PR loss in squirrel cage windings, 30 kw. 

Thus the legitimate losses at rated load are made up as fol¬ 
lows: 
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Bearing and windage losses. 

Stator core loss. 

Stator PR loss.* 

Rotor PR loss.. 

Allowance for legitimate core loss in rotor 
Total of legitimate losses at rated load. 


120 kw. 
135 “ 
18 “ 
30 “ 

5 “ 
308 “ 


Consequently . , , 

Parasitic losses at rated load when employing wooden wedges - 

473 — 308 = 165 kw. . 

Parasitic losses at rated load when employing magnetic wedges - 

378 — 308 = 70 kw. 


The results indicate that even with the magnetic wedges 
the parasitic losses, at rated load, still amount to 70 kw. The 
greater part of this 70 kw. could be eliminated in a design employ¬ 
ing a lower magnetomotive force per slot. In these machines there 
were 11 conductors per slot and at rated load the current in each 
conductor amounted to about 210 amperes. Consequently at rated 
load the crest value of the magnetomotive force concentrated 
in a single stator slot is no less than 11 X 210 X v 2 = 3270 
ampere conductors. 

In the rotor there are only 60 slots, each containing one con- 
ductor, and at rated load the current in each conductor is about 9 
2700 amperes. Thus the magnetomotive force per rotor slot 
has a crest value of 2700 X V2 = 3820 ampere conductors. 

These values represent undesirably great concentration of 
magnetomotive force and in spite of employing closed slots, will 
occasion such great periodic fluctuations in the flux distribution 
as to give rise to very considerable parasitic losses. The remedy 
obviously lies in employing a greater multiplicity of slots and 
less magnetomotive force per slot. This again emphasizes that 
in the case of induction generators it is of greater advantage 
even than in synchronous generators to wind the stator for 
relatively low pressure and employ compensators or transformei s 
to step up to the line pressure. 

It appears the most reasonable plan to advocate any new type 
of apparatus for that range of work for which it is most eminently 
appropriate. Induction generators are the more appropriate 
and have the more favorable characteristics, the higher the speed 
and the greater the rated output. It should furthermore be 
observed that it is precisely for this range of work (extra-high 
speed in large capacities) that very grave limitations are met 
with in the design of synchronous generators. Yet this is an 
ideal rating for an induction generator, for it would require but 
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a very small magnetizing current and would have a rotor of 
ideal mechanical and electrical simplicity, whereas a bipolar 
rotating field for excitation by direct current presents, in such a 
size and for such a speed, thermal and mechanical problems of 
a very serious nature. Consequently we consider that the most 
rational plan is to introduce induction generators at this upper 
end of the line and let the future decide how far they will 
win for themselves a useful field at lower speeds and for smaller 
capacities. Personally, we are of the opinion that the inherent 
merits of induction generators will secure for them a very con¬ 
siderable field of usefulness which is now fairly satisfactorily 
occupied by synchronous generators. But the place to intro¬ 
duce them first is where the synchronous design either fails to 
be feasible or involves very disadvantageous features, and where, 
moreover, the induction design displays its best characteristics. 

In large sizes of high-speed induction generators, it may be 
preferable to use a rotor in which the shaft and core are cut from 
a solid piece. Such a construction is not in any way objection¬ 
able for the rotor of an induction generator, for we can design 
it with a slip at rated load of, say, two-tenths of 1 per cent. This 
corresponds to a rotor periodicity of only (0.002 X 60 = ) 0.12 
of a cycle per second, or 7.2 cycles per minute, and under such 
conditions there is no necessity for employing a laminated core. 

The necessity. for employing in induction generators a very 
small air gap renders it more important than in synchronous 
generators that the magnetomotive force per slot (expressed in 
ampere conductors at rated load) should be small. This requires 
the subdivision of the winding amongst a larger number of slots 
per pole than would be sufficient for a synchronous machine of 
the same rating. The subdivision of the winding in many slots 
increases the desirability of employing a low pressure and renders 
it especially advantageous to adopt the plan of stepping up to 
the line pressure through a compensator. The most economical 
ratio of transformation for the compensator is 2:1. Conse¬ 
quently if an induction generator is to supply a 12,000-volt sys¬ 
tem, it should be wound for 6000 volts and should supply the 
system through a 2 :1 compensator. 

One of the important uses for the induction generator is 
the furnishing of additional capacity in stations which are at 
present equipped with synchronous generators. In general, the 
slower the speed the more adaptable is the synchronous genera¬ 
tor for use with induction generators. This is due to the fact 
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that both field and armature can furnish, without dangerous 
heating, the extra current necessary for excitation. In engine- 
driven and slow-speed waterwheel-driven generators, built 
from eight to twelve years ago, the requirements of voltage 
regulation were such that the temperatures were low, conse¬ 
quently, such machines can easily perform the extra duty of 
exciting the induction generator. When the power factor of 
the system is near 1.00 the extra duty will not usually involve 
changes in the exciter or field winding. In other cases where 
the exciter voltage would be insufficient to give the extra field 
current the remedy lies in exciters of higher voltage or a change 
in the field winding. 

In power houses of the above class there is usually sufficient 
space for the installation of a high-speed steam turbine unit 
without the necessity of enlarging the station. Since the induc¬ 
tion generator is essentially a high-speed machine its use in such 
a station is an inexpensive means of greatly increasing the output 
of the station. 

A comparative study of two designs, one for a 2500-kw. syn¬ 
chronous generator, and the other for a 2500-kw. induction 
generator, both supplying a system at unity power factor, has 
led to results from which the following table of data has been 
compiled: 


1 

Synchronous 

Induction 


generator 

generator 

1 

30 kw. 

30 kw. 

Primary PR loss. 

9.5 a 

10.5 “ 

Secondary PR loss. 

6.5 “ 

2.8 “ 

Windage. 

35 

35 

Total loss, excluding friction of bearings. 

81 

78.3 44 

Efficiency, excluding friction of bearings. 

96.9 per cent 

97 per cent 

jPer cent slip at rated load. 

0.0 per cent 

0.11 per cent 


This indicates that the efficiency is practically the same for 
either type of generator. The ventilation of the two machines 
would be radically different. The large air gap of the synchro¬ 
nous generator permits of a design in which the air passes axially 
along the gap and out through air ducts normal to the axis of 
the shaft. The small air gap of the induction generator neces¬ 
sitates a different method. For this machine we should provide 
a single large air duct in the center of the armature core normal 
to the axis of the shaft and a number of axial ducts leading from 
this to the ends of the machine. These would be supplemented 
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by the air gap and by small passages at the outer surface of the 
core. By this method less cooling surface is required, since the 
temperature gradient parallel is only a fraction of that normal 
to the plane of the laminations. In both machines the movement 
of air would be produced by fans on the ends of the rotor. 

In Europe several other methods have been devised whereby 
it is unnecessary to pass the air axially along the air gap. By 
one method the air from the fans on the ends of the rotor is 



Fig. 20—A Method for Ventilating Alternators. 

passed to a chamber at the external surface of the armature 
core. This chamber opens into air ducts in a plane at right angles 
to the shaft. Suitably shaped space blocks lead the air in a tan¬ 
gential direction to axial ducts just back of the stator slots. 
The air then flows axially through one section, to the next air 
duct and then outwardly in a tangential direction to a chamber 
at the outer surface of the core. This chamber is adjacent to the 
one first mentioned and leads to the exit from the stator frame. 
Looking along the axis of the shaft, the air flows in a V-shaped 
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path, the axial duct back of the stator slots being at the apex. 
Thus the two legs of the V are separated axially by a single 
armature section. The method is illustrated diagrammatically 
in Fig. 20. 

Still another method which is independent of the air gap 
consists in dividing the stator frame into cylindrical chambers 
placed side by side. The air is forced into a chamber from which 
it first passes radially toward the shaft, then axially to adjacent 
air ducts, and finally outwardly to a chamber alongside the one 
first mentioned. This last chamber communicates with the outer 
air. The method is illustrated in Fig. 21. 

There are several other methods more or less similar to the 



Fig. 21—A Method for Ventilating Alternators. 

above, any of which can be applied to the induction generator. 

On account of the small air gap of induction generators the 
value of the critical speed of vibration is especially important. 
If possible the critical speed should be at least 10 per cent above 
normal. If other important considerations require employing a 
critical speed below normal it should be considerably below, 
care being taken that the second critical speed is also removed 
from the normal, preferably above it. With such a design the 
rotor should have a very careful running balance before it is 
placed in the machine. A damping bearing could be used to 
prevent the rubbing of the rotor and stator if for any reason the 
machine should be subjected to abnormal vibration. 
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It should be noted that in cases where the critical speed must 
be below the normal speed, the air gap cannot be so small as 
would be preferred from the standpoint of minimizing the magnet¬ 
izing current. A consideration tending to the use of a shaft with 
a critical speed below the normal running speed relates to the 
lower peripheral speed thereby obtained at the bearings. 

Let us now turn our attention to the application of the induc¬ 
tion generator in instances where its superiority rests upon its 
practically automatic operation. 

The necessity for the constant presence of attendants can be 
eliminated. This is of importance in such cases as districts 
where there are many small water powers. At each water power 
a generating installation should be provided. The output from 
each of these generating stations should be delivered into a 
transmission line feeding to a collecting station where all these 
contributions should be collected and delivered to a main trans¬ 
mission line. In each generating station should be installed an 
induction generator driven by a waterwheel. The excitation 
should be provided by synchronous condensers at the collecting 
station. It would often be desirable to locate the collecting 
station at a water power and install there one or two synchron¬ 
ous generators driven by waterwheels. It would not be neces¬ 
sary to have attendants at the small induction generator stations. 
Occasional inspection would suffice. The induction generator 
would be connected directly to the line and the energy delivered 
from the waterwheel would be transformed by the induction 
generator* into electricity and would in this form be received at 
the collecting station. If the line should, from any cause, become 
open-circuited, the waterwheel would run up toward double 
speed and either this should be provided for in the mechanical 
design or else an automatic regulator should be provided. 

We wish in conclusion to call attention to the appropriateness 
of the induction type of generator when the supply must 
be in the single-phase form. It is well understood that in order 
to neutralize the pulsating armature reaction in a single-phase 
machine it is necessary to provide damping windings in the pole 
faces. It is usually found preferable that these damping wind¬ 
ings should take the form of an ordinary squirrel-cage structure. 
Roughly, but with sufficient exactness for practical purposes, 
we may say that if the aggregate cross-section provided by the 
face conductors of the squirrel cage equals the aggregate cross- 
section of the stator conductors, then the loss incurred in neutral- 
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izing the pulsations of the stator current, is about equal in 
amount to the stator PR loss. I! tin* eniss-scetion oi tIn* rotor 
conductors is half this value, then tin* loss in the neutralizing 
winding will be twits 1 the stator PR loss, and, mnversely, if tin* 
cross-section provided in tin* centralizing winding is I wire that 
of the stator conductors, then the loss in tin* neutralizing winding 
will be only half the stator l‘'R loss, Hut in a synchronous 
generator there is rarely room to pla.ee a squirrel ease v. hiding 
of greater aggregate cross-section than that, oi the stator wind¬ 
ing, for we are usually crowded for spar*- even fur the main field 
winding. Consequently the losses in the single*phase generator 
include, in addition to those in a three-phase generator, a loss 
in the neutralizing winding and lids additional has is usually 
of about; the same magnitude as the stator I"R loss*, dins, pulls 
down the efficiency very decided iv and leads, to a very discredit¬ 
able result in that the single-phase machine not alone has only 
about half the capacity of the same machine when providing 
three-phase electricity, hut it also has a much lower clTicienry, 
Hut in an induction generator the squirm] cage winding, 1 , the 
only winding on the rotor and it i • in any ease moved high liber¬ 
ally proportioned in order that the rotor i R In ,; shall be a mini 
mum. This same squirrel cage will serve very effectively to neu¬ 
tralize the pulsating armature reaction and it would appear that 
the resultant PR loss in the squirrel cage will be very small 
indeed. Tims, although in employing an induction design ba¬ 
the single-phase generator we still hud it neeessurv to forego 
utilizing more than two-thirds of the stator winding, and must 
consequently rate the machine down by some T£ pm cent, below 


its three-phase rating, we shall have the advantage that, so far 
as relates to the rotor, we only require the regular squirrel 
cage winding and this will not be the seal of a material]) greater 
loss than when the machine is employed h»r providing, three, 
phase current. The stators would be supplied with normal three- 
phase windings and all three phases of these windings would 


receive magnetizing current from the corresponding windings 
of the synchronous generators. Only two of the phases would 
he employed for providing the sinf*1eqihase current. 

RThe tests of the 7500-ldluwaU induction generators of the 
Interborough Rapid Transit Company, some results of which 
have been incorporated in this paper, wen* to a large extent 
carried out by Mr. II. G, Stott, and Mr. lb lb Barnrw p> whom 
the writers wish to offer their hearty than! cs for pen nins.it *n q* 
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employ this material. They also wish to express their thanks to 
Messrs. G. C. Hall and (*. I. Rhodes of Mr. Stuff.'s engineering 
staff, and Mr. T. P. Barton of Mr. Barnes s engineering staff, 
and to Mr. B. T. Robinson, for their eordial cooperation. 
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SINGLE-PHASE INDUCTION MOTORS 


BY W. J. BRANSON 


The purpose of this paper is to develop a complete vector 
analysis of single-phase induction motor performance as the 
basis for an accurate circle diagram applicable to motors of 
even the smallest commercial sizes. To accomplish this, it will 
be necessary to derive mathematically correct formulas or 
graphical construction for several quantities and relations which 
have been treated very loosely heretofore. Of these the most 
important are 

1. The value of the secondary no-load current, as reflected in 
the primary. 

2. The construction of the current circle. 

3. The revolutions per minute. 

The analysis by which the required formulas and graphical 
processes are to be derived will be based on the transformer 
theory of the induction motor as distinguished from the rotating 
field theory. At the outset, therefore, it is necessary to consider 
some of the general ‘problems involved in the phenomena of 
primary-secondary transformation as affected by magnetic 
leakage. 

I. Primary-Secondary Transformation 

Fig. 1 represents a transformer having magnetizing and leakage 
characteristics similar to those of an induction motor. For the 
purpose of simplification, it will be assumed for the present that 
the primary and secondary windings have 1 to 1 ratio and that 
the resistances of both primary and secondary, as well as the iron 
loss, are negligible. 
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Let 

g ___ permeance of mutu al path _ 

p permeance of mutual and primary leakage paths in parallel 

g _ permeance of mutual path _ 

* permeance of mutual and secondary leakage paths in parallel 
Li = coefficient of self-induction of primary. 

L 2 = coefficient of self-induction of secondary. 

M = coefficient of mutual induction. 

P = 2 7r frequency. 

i m = the primary magnetizing current, i.e., the current 
which flows in the primary with the secondary open. 

From the physical meaning of K p and K 8 as given above, 

K p h = M 
K s L* ~ M 



Since, by definition, the reactance of a simple inductive circuit 
is equal to P L } it is evident that the reactance of the primary 
winding when the secondary circuit is open, 

Xq — P Li 

Therefore, the magnetizing current 

. _ E 
lm PL i 

and the e.m.f. induced in the primary winding is represented by 
the expression 

P L\ i m 

At the same time an e.m.f. is induced in the secondary equal 1 o 

P Li i m K p 
or 

PMi m 
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In other words, the current i r *z produces a flux which induces 
in the primary winding an e.m.f. equtal to P L x i m and the portion 
of this flux which enters the secondary core induces in the 
secondary winding an e.m.f. equal to P M i m . When the second¬ 
ary circuit is open, these are the actual e.m.fs. in the primary and 
secondary windings. When the secondary circuit is closed, 
however, the m.m.f. of the secondary current opposes and 
partially neutralizes the m.m.f . of the primary current. 

Under load conditions, therefore, the expressions given above 
do not represent actually existing e.m.fs. The actual e.m.f. 
values are obtained by taking tlie vector sum of the e.m.f. which 
the flux due to the primary current: would induce if the second¬ 
ary current did not exist, and -the e.m.f. which the flux due to 
the secondary current would induce if the primary current did 
not exist. 

The mathematical relation betwe en the current values of these 
hypothetical e.m.f. values, which, become actual values only 
when there is no reaction between, the primary and secondary, 
are expressed by the equations wJhich foflow: 

If i represents the primary c-urrent ayd ei the primary e.m.f. 
due to the flux produced by i, 


'i = ^r 


If 62 represents the e.m.f. induced in the secondary by the flux 
produced by i, 

e 2 =£P M ( 3 ) 

and 


If io represents the secondary current and eo the secondary 
e.m.f. due to the flux produced, by i*, 


£2 — ^ 2 


. JPM 


%2 ~ ^2 


( 6 ) 
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If e x represents the e.m.f. induced in the primary by the flux 
produced by i 2 , ' 

e t = iiP M (7) 

and 

i = _£ l _ 

2 PM t (8) 

In applying this method of analysis to the problems which 
immediately follow, and which lead to the derivation of an expres¬ 
sion for reactance, the resistance of both windings and the iron 
loss will be treated as negligible.* The hypothetical e.m.fs. will 
therefore be either in phase or directly opposed and may be 
added or subtracted directly. 

1. Relative value of primary and secondary currents when the 
secondary is short-circuited. 

Let ih 

Uk 

Secondary e.m.f. due to i h 
Secondary e.m.f. due to Hk 

There is no resistance drop and there can be no induced e.m.fs. 
other than those represented by the above expressions, since all 
fluxes have been taken account of. Therefore the e.m.fs. cor¬ 
responding to the primary and secondary currents respectively 
are equal and directly opposed. 

p = ilh 
iC, 

i^h = ih 

This shows that, when the resistances and iron loss are negli* 
gible, the secondary short-circuit current is equal to the current 
existing at the same time in the primary, multiplied by K 

2 . Demagnetizing effect of secondary current . 

Primary e.m.f. due to i%\ = P M i^h (equation 7) 

The above e.m.f. opposes and neutralizes an equal component 
of the e.m.f. due to the pri mary current which balances the 

^Primary resistance will be neglected in all discussions preceding 
Section VII, and iron loss will be neglected in all discussions preceding 
Section VIII. Both quantities will be correctly treated in the working 
diagram. K 


= primary current. 

= secondary current. 

— PM i h (equation 3) 

= —~ 2h (equation 6) 
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impressed e.m.f. This leaves a portion of the impressed 
e.m.f. unbalanced and, as a consequence, a larger primary cur¬ 
rent flows. The primary current must increase until the balance 
is restored between impressed and induced e.m.fs., that is, until 
the e.m.f. due to the added primary current equals and neutral¬ 
izes the e.m.f. due to i 2 *. 

The additional primary current required will be 

P M Hh X (equation 2) 

or 

hh Kp 

This shows that the increase in the value of the primary cur¬ 
rent due to the demagnetizing effect of the secondary current 
equals 

secondary current X K p 

3. Relative value of the primary current with the secondary 
open and the primary current with secondary short-circuited. 

From (1) above, hh = ih K 3 

From (2), the increase of primary current due to the demagnet¬ 
izing effect of hh equals 

hh K p 

or, substituting from (1), 

ih Kp K s 

This is the additional primary current due to short-circuiting 
the secondary. 

Therefore, the total primary current 

^h = im "f ' ih Kp K t 

i m — ih ih Xp K £ 

= i k (1 - Kp K s ) 

• _ im 

** ~ I - .sipisr. 

4. Equivalent reactances . Let X\ — equivalent reactance 
(total) reduced to primary, such that, neglecting the effect of 
resistance and iron loss, if E be impressed on the primary with 
secondary short-circuited, the current equals E/X 

"Let X 2 = equivalent reactance (total) reduced to secondary, 
such that if E be impressed on the secondary with primary short- 
circuited, the current equals E/X 2 . 
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By definition, 


1 — AT j, A' s 

_ (l-K v K a )li* 

' ' ~ im 

_ (1 — A',, A_») A At A, 

An 

_ (1 — A',, A.,) A .1/ 

A ;i 

By similar reasoning it. may lie shown that 

Cl - A,, A.) A ,1/ 


II. Transkokmkk ri'KHi'St la h a s 
Neglecting the effect of primary resistance, the current locus 
of a transformer is represented l>y ;i semicircle drawn on .1/ II 
(Fig. 2) as a diameter. The correctness of this construction ts 
demonstrated as follows: 

Draw the base line 0 II ecjnal to A/.V i and locate M liy making 
0 M equal to i m . Also draw the lines ( 1 A and ,1/ A to represent, 
the primary and secondary currents. t At right angles to 0 A 
draw the line () IT to represent, a primary e.m.f. equal to /' A ,i and 
the line 0 1’ to represent ;t eeondarv e.m.t. equal to I M i< 
Also, lay off at right angles to M /, the line A ll‘ equal to A .1/ i t 
and the line D 5' equal to A A» is- 

♦The product of Kp K> which is represented t.v Hu- r.viidiol iA',1 may 
be derived from i m and X i as follows; 

{1- K a K , j /*. 


fit should be noted that M L represents, directly, the 
flows in the primary as a result of t Im drmup.net etferi. «* 
current.. This equals secondary current multiplied by K /. 
terms of the primary current seale M L ij Kp. 


mirrurit which 
f In* seenudary 
Therefore in 
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The vector sum D 0 of the two secondary e.m.fs. P M i and 
P L* ii is the resultant e.m.f. in the secondary and is, conse¬ 
quently, equal to the secondary resistance drop. 

Centering attention nowon the triangle O WE, it will be noted 
that 

E W = P Mi , 

= PL, i, K p 
x P L,X M L 


w 



and since 

0 W = P L, i 

oc P Li X 0 L 

it is evident that E W is to M L as 0 W is to O L, and since 
the angles at W and L are equal, it follows that the triangle 
OWEis similar to the triangle OLM and therefore 0 E is -at 
right angles to 0 M. 
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Continue the line E 0 to intersect D Y at F. Since 0 Fhas been 
constructed at right angles to 0 M , 0 Y at right angles to 0 L and 
F Y at right angles to ML , it is evident that the triangle 0 Y F 
is also similar to 0 L M and therefore similar to OWE, and since 
the side EO of the triangle OWE is of constant length, being 
proportional to the impressed voltage, the corresponding side 
0 F of the triangle 0 Y F is also of constant length. 

From the similarity of the triangles, it is evident that 


FY 


0 Y 


EW 

0 W 


and the voltage represented by 


FY 


P Mi 


P_Mk 

Phi 


= P Mi 


P Mi 2 
P Mi/K P 


= PMitK p 


It will be noted by reference to the figure that 
FD = DY- FY 


therefore the voltage represented by 

T* T\ P nr' 7 rr 

FD = —“ - P M% 2 K p 

A. s 

. (1 -K p K,)PM 

= , 2 --- 

= i'i X 2 

= i% times equivalent reactance re¬ 
duced to the secondary. 

That is, the voltage represented by line FD equals i 2 multiplied 
by X 2 , the latter being a constant. Therefore FD is proportional 
to i 2 and may represent it in value though not in phase. 

As regards phase, FD is, by construction, at right angles to i 2l 
and D 0\ which represents the secondary resistance drop, is in 
phase with i 2 . Therefore FD 0 is a right angle. 
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It has now been shown that the line 0 F is of constant length 
and that the angle at D is a right angle. Therefore, the locus 
of the line FD, which is proportional to the secondary current, 
is a semicircle. It follows that the locus of the secondary current 
vector is also a semicircle. In other words, if the secondary 
resistance be varied from zero to infinity, the point L will move 
from H to M along the semicircle M LH. 

Inasmuch as the triangles FDO and MLB are similar, it is 
evident that in value, though not in phase, the line ML may 
represent i 2 X 2 , and the line L H may represent i 2 r 2 . It is neces¬ 
sary, in connection with formulas to be developed later, to note 
the scale to which the reactance and resistance drops are repre¬ 
sented by these lines. 

Let S e = volts per inch. 

51 = primary amperes per inch. 

5 2 = Si/Kp = secondary amperes per inch. 

Since i 2 X 2 , the reactance drop, is represented by the same line 
(ML) as the secondary current (i 2 ), it follows that 

f 2 __ ^2 X 2 
S 2 S 9 

s e = s 2 x 2 

= 5! X 2 

K v 

This shows that the e.m.f. scale equals the secondary current 
scale multiplied by X 2 . In other words, 

reactance drop = M L X S 2 X 2 volts 

and 

■ resistance drop —LB X S 2 X 2 volts. 

It should also be noted that the secondary resistance drop is 
equal to the secondary current vector multiplied by 
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This may be demonstrated as follows: 

it r« = L H X S e 

, TT LH _ 

= ML rp y- o« 

If Z, 


= ilfi 


42 rt ~ 

it Xt ‘ 


= ML-^—Sc 

A2 


Another relation which is important in practical work may be 
derived from the above. Since 


L H X S e = M L-~~ S t 

^2 

it follows that 

LH r 2 

ML X 2 

In determining the starting torque of a single-phase induction 
motor, it is convenient to make use of the fact that the resultant 
flux in the secondary is proportional to 

LH St VT 2 

It was shown above that the secondary resistance drop, 
which is equal to the e.m.f. induced in the secondary, is repre¬ 
sented by the expression 

LH S 2 X 2 

For a given flux the e.m.f. induced in the secondary varies as 
the turns, or as the square root of the reactance. 

L H St Xt oc <p VXt 

, LH St Xt 

— - 7 W— 


as stated above. 


oo LH St VXt 
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III. Effects of Rotation in the Two-Phase Motor 
Inasmuch as an induction motor, under locked conditions, 
is simply a transformer with a short-circuited secondary, the 
foregoing may be considered to be an analysis of the flux e.m.f. 
and current relations which exist when the rotor is at rest in 
either a single-phase induction motor or in one phase of a poly¬ 
phase induction motor. The next step is to include in this 
analysis the effects of rotation. 

The flux, e.m.f. and current relations in the rotor of a single¬ 
phase induction motor are very complicated and difficult to 
analyze directly. The most satisfactory method of procedure 
is to take the simpler relations of the two-phase motor as a basis 


PHASE B 



or point of departure and consider the changes which must take 
place in the rotor when one primary phase is disconnected from 
the line. In order to make use of this method, we must make a 
preliminary analysis of the effects of rotation in the two-phase 
induction motor. 

Fig. 3 represents the electric and magnetic circuits of a two- 
phase induction motor, equipped with a squirrel cage rotor. If an 
alternating e.m.f. be impressed on phase B, a flux <j> & will appear 
in the rotor core and the e.m.fs. induced in the rotor conductors 
will cause a current to circulate in the plane B B. Similarly, 
if an e.m.f. be impressed on phase A, the flux 4> a wi’l appear and 
a current will circulate in the plane -4^4. If the rotor be allowed 
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to rotate, these currents will continue to circulate in the same 
planes, passing through whatever conductors and whatever parts 
of the end rings happen at the instant to be in the right position. 
In other words, the two secondary circuits remain fixed in the 
planes A A and JB B whether the rotor is in motion or at rest. 
These two secondary circuits will be designated circuit A and 
circuit B respectively. It w r ill be noted that circuit A is in 
inductive relation with phase A , while circuit B is in inductive 
relation with phase B. 

It will be evident from Fig. 3 that when the rotor is in motion 
the conductors constituting circuit A will cut the flux cj>b and 
also that the conductors of circuit B will cut the flux <fi a * An 
e.m.f. due to rotation will therefore be generated in each circuit. 



D 

Fig. 4—Represents Conditions at the Instant when Impressed 
e.m.f. is at the Positive Maximum, for Phase B. 

It may easily be demonstrated that in each circuit the rota¬ 
tional e.m.f. is directly opposed in phase to the transformer e.m.f. 
which caused the rotor current referred to above, and also that 
at synchronous speed, the transformer and rotational e.m.fs. 
will be not only opposed in phase, but exactly equal, so that no 
currents will flow in the rotor. 

Throughout the following pages these rotor e.m.fs. will be 
designated by the letter E with the subscript ^ or r indicating 
transformer or rotational and a or h indicating the circuit. 

E t b = transformer e.m.f. in circuit B 
Erb = rotational e.m.f. in circuit B. 

E r a = rotational e.m.f. in circuit A. 

E ta = transformer e.m.f. in circuit A . 
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Fig. 4 shows the phase relations of the fluxes and secondary 
e.m.fs. of a two-phase motor running at synchronous speed, i.e. y 
mechanically driven at synchronous speed by external power. 

The flux e.mi. and current relations in one phase of a two- 
phase induction motor, when the rotor is at rest, are represented 
in the transformer diagram, Fig. 2. Assuming the resistance of 
both primary and secondary as well as the iron loss to equal zero, 
the primary current 

E 

** ~ xl 


W 



and is represented by OH. In case, however, of an actual motor, 
having a secondary resistance greater than zero, the end of the 
locked current vector will be at some point on the semicircle, 
as at L. When the motor is running at synchronous speed, and 
no current flows in the rotor, the primary current will have 
the same value i m " E/X o that would exist if the rotor were 
open-circuited. 
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From the last statement, it is evident that rotation at syn¬ 
chronous speed has the same effect on the primary current as a 
rotor resistance of infinite value. Similarly, as will n<nv 1 >e she nvn, 
rotation at any speed below synchronism has the same effect 
on the current values as the introduction of a resistance of some 
finite value into the rotor circuit. 

Referring to Fig. 5, which represents the flux e.ni.L and (air- 
rent values of phase B undoroperating conditions, it u ill be noted 
that the resultant rotor flux is at right angles to the secondary 
current. The resultant flux of phase A will \ horeforo be in phase 
with the secondary current oi phase* E. ( onsc(|nently the 
e.m.f. ( R r b ) generated in circuit B by rotation through the flux 
of phase A will add directly to the resistance drop, and the 
effect of rotation on the current values is the same that would 
result from increasing the secondary resistance to such an extent 
as to make the resistance drop equal to 

r« |" Erh 

Since any rotational e.m.f. equals a transformer e.m.f. due to 
the same flux multi])lit*d by 


it follows that 


rev. per min. 41 
synchronous speed 

rev. per min. h ■ 


and since in a two-phase motor Em is equal it 
1 icing equal, 

rev. per min. hrt* 

svn. lAh 


Enu the fluxes 


on n k 
a n 


*For sinusoidal space distribution of Huh, 

S 

f As will be shown later. 0 l> 7 // X t 


I) K Sg — i%r% *° M T I T'i ami D K If T -- , 

A p . v a f* 
















1912] 


BRANSON: INDUCTION MOTORS 


1763 


This expression equals secondary efficiency, as will be evident 
from the following: 

Secondary input = E tb X i* 

Secondary copper loss = (E tb — E rb ) i<> 

Secondary efficiency = -^ ib 21 ~ Erb) h 

Etb X 



IV. Single-Phase Performance—No-Load Rotor 
Currents 

Suppose, now, that with the motor running at synchronous 
speed, phase A (Fig. 3) be disconnected from the line. The flux 
4> a and the two e.m.fs. due to it (Erb and Eta ) will disappear. The 
two remaining e.m.fs., E th in circuit B and E ra in circuit A, will 
then be left unopposed, so that currents will begin to flow in 
both circuits. It is especially important at this point to note 
the actions which take place in circuit A. Circuit A surrounds 
the magnetic path from which, at the instant we are considering, 
the flux of phase A has disappeared. Until the actions about to 
be described have been completed, no flux traverses this path. 

The e.m.f. E ra will act, therefore, just as an original impressed 
voltage. A current will flow; a flux, usually called the “ cross 
flux,” will appear/and an e.m.f. will be induced. The phase 
relation of this induced e.m.f. (E ta ) will be approximate but not 
exact opposition to the impressed e.m.f. ( E ra ), as shown in Fig. 
6, which is the ordinary vector diagram of flux e.m.f. and current 
relations in a simple inductive circuit. 

The cross flux occupies the magnetic circuit of phase A and it 
is therefore cut by the rotation of the B conductors. Conse¬ 
quently, with the appearance of the cross flux, a rotational e.m.f. 
appears again in circuit 3, and the phase relation of this rota¬ 
tional e.m.f. (Erh) to the opposing transformer e.m.f. (E f6 ) is 
such as to leave an effective or unopposed e.m.f. in the circuit 
so that a current will flow. 

It will now be shown that at synchronous speed the value 
and phase relation of the effective e.m.f. in circuit B is such 
as to make the current exactly equal and at right angles to the 
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magnetizing current in circuit A. At synchronous speed, 
transformer and rotational e.m.fs. due to the same flux must be 
equal and in phase quadrature. The main flux induces in circuit 
B the transformer e.m.f. E lb , represented by the line OD (Fig. 
7), and generates in circuit A the rotational e.m.f. E ra represented 
by the line 0 C. Therefore, 0 D must equal 0 C and COD must 
be a right angle. For similar reasons the lines 0 K and 0 G, 
representing e.m.fs. due to the cross flux, must also be equal and 
at right angles. Therefore, the angle D OK equals the angle COG 
and consequently the triangles D 0 K and COG are equal. 

From the above it is evident that D K, which represents the 
resistance drop in circuit B, is equal and at right angles to G C, 



Fig. 6—Represents Conditions at the Instant when E ra is at 
the Positive Maximum. . 

All other figures represent conditions, } cycle later, when the impressed e.m.f. in phase 
B is at the positive maximum. 

which represents the resistance drop in circuit A . Therefore the 
currents also must be equal and at right angles. These no-load 
rotor currents will be designated i a and i & respectively. 

The cross-field magnetizing current i a cannot react directly 
on the primary, since circuit A in which it flows is not in inductive 
relation with the active primary winding. The current i&, 
however, which flows in circuit B —the working circuit of the 
rotor—reacts on the primary in the same manner as the working 
current, and as a result of its demagnetizing action, an additional 
no-load current i m8 —represented by the line M 5, Pig. 8—flows 
in the primary winding. At a speed slightly above synchronism, 
as will be shown below, the current i ma becomes wattless and is 
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represented by the line M V. The length of the line M V, which 
we shall now proceed to determine, is the first of the three 
problems enumerated in the opening paragraph. 

The lines 0 S and M S, Fig. 8, represent the primary and second¬ 
ary currents when the motor is running at synchronous speed. 
The lines 0 W, E W, 0 Y and D Y represent, as heretofore, the 
hypothetical e.m.fs. corresponding to the primary and secondary 
currents. As in Fig. 7, which, it will be noted, is reproduced as 
a part of Fig. 8 , D 0 represents E ti , the resultant or effective 
tr ansf ormer e.m.f. in circuit B-, 0 C at right angles to DO repre¬ 
sents the resultant main flux and also the rotational e.m.f. in 



Fig. 7—Represents Conditions at the Instant when the Impressed 

E.M.F. IS AT THE POSITIVE MAXIMUM. 

circuit A ; C G represents the resistance drop in circuit A due 
to the current i a \ 0 G represents the transformer e.m.f. in circuit 
A ; 0 K, at right angles to 0 G, represents the cross flux and the 
rotational e.m.f. in circuit B; while D K, the vector sum of Eti 
and E r b, represents the unopposed e.m.f. which produces the 
current i 6. 

Since the rotational e.m.fs. vary with the speed, it is evident 
that at slightly above synchronism the value of E r i will be 
increased to such an extent as to bring D K into exact phase with 
0 M. At this speed, as was stated above, i m , will be represented 
by M V. The primary current will then be wattless and the rotor 
copper loss will be supplied mechanically. 
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This condition is represented by Pig« d. At tin* speed at 
which the current i m & becomes wattless, that is, when ihe angle 
01) K is aright angle, the cross flux is equal l<« the main flux, a/, 
will now be demonstrated. 

Inasmuch as K 0 (1 and P 0 (‘are right angle u i? A evident, 
that the angles P 0 K and 0 O (' must In* equal, and inn* () P K 
and O G C* are right angles by construction, 


Therefore 


and since 


cos 0 


OP 
0 K 


0 0 
O (* 


O P OK ' AA lOh 

OG ~ "O O Hl A ta P™ 


rev. per min, AT, 

syn. h ( u 

it follows that 


lit h 
Eu* 


and 


Therefore 


r A tr, X A r h {hrnr 

' // // 

(Afrt)* 1 hfO"- 

lira hrh* 

4>b - 4>* 


Further, since tin* triangles OH C and U /) K have been shown 
to have a side am! tw*> angles equal and are l heivtuo' equal in 
all parts, it follows that, the side 0 t \ which represents t he drop 
in circuit A, is equal to 1.) K\ which represents the drop in circuit 
H, and consequently the currents A and u which cause the dtups 
are equal. 

It has now been shown that at the speed at which the current 
i m * coincides with M l\ the e.ross flux equals the main this and 

*The assumption that 0 0 C is a right angle urglrrm fhr eliret *4 i lie 
cross-field iron loss, whirl! marts on circuit -1 ,in*<t a.\ the main Held iron 
loss rear is on the primary, Artuaily t le angle n t'i t r. -Jiglalv huge? 
than a right angle, This fart does not, however, del tart loan * he pt,e"iw.d 
accuracy of the eonefuttuuis reached if! regard n* the value of ihr * ntnou 

W 
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the current in circuit B equals the current in circuit A . For this 
speed the physical conditions which determine the value of 
i ms may be stated as follows: # 

The current i ms is the increase of primary current due to the 
demagnetizing action of i &; it equals i a j the value of i a is fixed 


w 



Y 

Fig. 8—Synchronous Speed. 


by the fact that it is the magnetizing current which produces the 
cross flux; the cross flux equals the resultant rotor main flux. 
Briefly, we have to determine the demagnetizing effect on the 
primary of a rotor current of such a value as to produce in the 
jrotor core a flux equal to the resultant main flux in the rotor. 
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It has been shown above that the increase of current in the 
primary due to the demagnetizing effect of a secondary current, 
equals the secondary current multiplied by K p . 

Therefore, 


. K V K, . 

'I'm s ri ^ 


K P K. f: 


(jim + im a) 




K P K, 


X in, 


im * ^ 


K v K. 


X 


= im X 


2 '' 2 - K p K 

Kp K, 


:) 


MV = 0¥ 


2 - XpiT. 

K v K a 
2 - 


1 - 


- OM X 


-^1 * 
E 


1 + 


im X] 


It is interesting to note that the value of MV is independent 
of the secondary resistance. 

* When this equation ig used in practical work, it is necessary to take 
account of the fact that i ms is affected less by saturation than i m , owing 
to the low density of the cross flux in the primary core. 

_. „ „ ,, total ampere turns . . ■ ,, 

If 5 F.M = ———- 7 -:-for mam field, 


and S F C 


ampere turns for air gap 
total ampere turns 


ampere turns for air gap 
the complete working formula for M V becomes 

imX 

S F C 


for cross field, 


1 - 


MV = 0M X 


1 4 


imX 


X 


SFM 
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V. Single-Phase Current Locus 
Neglecting the effect of primary resistance, the current locus 
of a single-phase induction motor is represented by a circle 
passing through V, L and H, Fig. 10. That the current locus 
passes through V and L is obvious, but that it is a true circle 
and also passes through H, requires demonstration. 


w 



In constructing Fig. 10, 0 M and OH are made equal, as in 
the previous figure, to i m and E/X i respectively, and 


M V 


OMX 


K P K, 

2 — K p K, 


From any point T on a circle passing through V and L, draw 
0 T and M T to represent the primary and secondary currents, 
and lay off, as in preceding figures, the lines to represent the 
corresponding hypothetical e.m.fs. 
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At the outset it should he noted that the triangles F D 0 and 
M T II are similar, each line of F D 0 being equal to the corres¬ 
ponding line of M TII multiplied by the expression 


;ti which 


S, Ah 
S t K p 


secondary amperes per inch, and 


S e — volts per inch. 

Considering first the lines F D and M T, 

FI) S t = it Ah and 

M T Si =■ iSK P 

Ah . . Ah 

At 7hS'i X V ~ it K„ .. 


= it A', 


Therefore, 


FI)S. : - At T S t 


S X 

FD » MT J ,* , as stated above. 


Taking next the lines FO and M II, 
F 0 S, «■ P M and 


M II St « (O It ■ O M) St 


MU St 

J\P 


th<* similarity id I h«* triangles 0 W /% 0 Y F and 0 T M 
FO represents V Mi A j , whieh equals P M i m . 
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Substituting for X\ and X% the expressions 

(1 -K,K,)PM ^ respectivelyi 


we obtain 


MH Si 


E P M i m - K P K, P M u 


~K V K, 


K v K, 


Substituting 


for E, 
K p 


MH Si 


X 2 P M i n - P M i m + K P K, P M u 

Kn K t K, 


= P Min 


Therefore, 


FOS' = MHSi 


FO = MH -|f- as stated. 

Oe N p 


The above results show that, in length, F D is to M T as F 0 
is to MH, and since FD is at right angles to M T, and TO is 
at right angles to M H, the triangles M T H and F D 0 are 
similar. 

Therefore, the line D 0 is at right angles to T H and equals 

T rr Si X 2 

In a similar manner it may be shown that 0 P is proportional 
to V H and equals 

vh ~s7k 7 


Directing attention now to the e.m.f. and flux vectors, D 0 
represents, as in preceding figures, the resultant induced e.m.f. 
in the rotor; 0 B } at right angles to D 0 , represents the resultant 
main rotor flux cj) b ; 0 C, a section oi OB, represents the rotational 







1912] 


BRANSON: INDUCTION MOTORS 


1773 


e.m.f. in circuit A , while C G and 0 G represent respectively the 
resistance drop and the induced e.m.f. in circuit A. OA, at 
right angles to 0 G, represents the cross flux, while E r b > the rota¬ 
tional e.m.f. in circuit B , is represented by OK, a section of 
OA. 

It will be noted that E r b and the resistance drop D K are not 
in phase as they were in Fig. 5. This is one of the main distinctive 
features of the single-phase induction motor. It is due to the fact 
that the secondary current M T has a component M Q which is 
90 deg. out of phase with-E^, or, in other words, parallel to T H. 
The existence of this wattless component in the secondary current 
is the cause of the difference between the two-phase and the 
single-phase current locus. 

At a speed slightly above synchronism, as was shown on a 
preceding page, the secondary current in circuit B is wattless 
and M T coincides with M V. At lower speeds the wattless 
component of the secondary current is represented by M Q. 

The copper drops, due to the two components of the secondary 
current, are 

D J S. = TQ p r, 

K P 

= N M-p-r 2 

and 

JKS . = MQ-—-U 

XV p 

= N T r 2 

Kp . 

in which Si/K p = secondary amperes per inch. 

The angle D 0 A equals the angle GOB , which is constant, 
and since 0 J K is a right angle by construction, 

JK oc 0 J 

At the speed at which M T and N T coincide with M V, the 
line 0 J coincides with 0 P. See Fig. 9.* Consequently, 

*In Fig. 9, J coincides with D because 0 D K is a right angle. D 
coincides with P because F D, which represents the secondary reactance 
drop, being proportional and at right angles to M T, must coincide with 
F P when M T coincides with M V. Therefore O J coincides with 0 P. 
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S’, Si o J 

NT f- r^Ml K)i r* X ()p 


N T = M V 


.... OD - D J 
M V Q p 


OD = T II i l f, 0 P « VII S ' X * , and D J =- N Af r * 

O* A p O 0 A O* A v 


we obtain by substitution, 


Si A 2 ;%/ * f 1 


iV r = M K 


iVM' 

O 4 A j> o « A p 

** «Si A 2 


r/j - tv m 



Fit;. 11 


To simplify the analytical equations which follow, let r N T, 
d ~ M V, R « 2'//, /; - iV Af, r 17/, /> .1/ // ami K 

rt/X* 

]{ _ A7; * 

e. ~~ a 

c 


R = e -• + A6 (9) * ; J *■ 


cos 0 (Pig. 11) (101 


U « sin 0, and b - D sin 6 f aim i * /> cos 9 * - Ab 

♦The analytical demonstration which follows is due to Mr. Hamid 
W. Brown. 
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Substituting in equation (9) we obtain 

R = (D cos 6 - R) 4- + K D sin 6 

a 

R + R 4 = -D cos 9 4 + K D sin 6 
a a 

i? ( 1 + t _1 ) = c ^d cos e + KDsin 6 

R-j- = c cos 6 + K D sin 6 

R = c cos 6 + Kd sin d (11) 

Kd/c , and M the denomi- 
= Kd/M. 

Kd 

M c 
Kd M 
c 

Dividing equation (11) by M we obtain 


Let 4> be an angle whose tangent = 
nator of a fraction such, that sin 4> 
Then 


cos 4> — 


M M 

cos cj) cos 6 + sin </> sin 6 
cos (0 — cj)) 

M cos (0 — cj>) 


Since -R is proportional to the cosine of a variable angle, the 
curve on which the point T (Fig. 10) lies must be a circle passing 
through the origin H. (See Cor. 2, Prop. 39, Nichols, “Analytic 
Geom”., ed. 1893.)* __ 

^Inasmuch as the circle passes through three known points, F, L 
and H, an expression for the elevation of the center above the base line 
is not essential. It is easily shown, however, that the elevation of the 
center above the line 0 H is equal to 


0.5 MV-K- 
JC 2 

From an inspection of Fig. 11, it is evident that the center is above 0 H 
a distance equal to the diameter X 0.5 sin cj), and also that when R 
coincides with the diameter, 0 is equal to cf>. Equation ( 12 ) above shows 
that when 0 equals <j>, M is equal to R, and therefore to the diameter. 
It follows that: 

Diameter X 0.5’sin <j> =10.5 sin cj) 

= 0 .5 Kd 


= 0.5 M V -~ 
X-i 
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VI. Revolutions per Minute 
Attention has already been called to the fact that at synchro¬ 
nous speed, the rotational and transformer e.m.fs. due to the same 
flux are equal. That is, 



E ra 

— Etb 

and 



E r b 

= Eta 



(See Fig. 8). 

At any speed below synchronous, 


rotational e.m.f. 

rev. per min. 


transformer e.m.f. 

synchronous speed 

Therefore, 

Era 

_ rev. per min. 


Etb 

syn. 

and 

Erb 

rev. per min. 


Eta 

syn. 

Substituting for the e.m.f. symbols, the e.m.f. vectors of Fig. 

10, we have 

oc 

rev. per min. 


OD 

syn. 

and * 

OK 

_ rev. per min. 


OG 

syn. 

from which we obtain 



rev. per min. 

k/OC ok 


syn. 

V OD X OG 



_ ,/OK „ OC 
v OD A OG 

Since 




OK 

= V (0 D - D JY + (J K) 2 

we obtain 



rev. per mm. a/ V(0 D 

-DJ) 2 + (JK) 2 w OC 


OD 


OG 
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Since 


we obtain 


0 C _ OK* 

OG 0 J 

= V(OD-DJ)*+(JK ) 2 
OD - DJ 


rev. per min. * /V(OD-Djy+(JK) 2 V{oD-r>j)*+(jKy 
syn. “ OD X OD-DJ 


. / (OD — D J) 2 + OX 2 
~ V OD {OD - D J) 


It was shown above that 


and 


OD = T H 

D J = NM 

JK = NT 


Si X g 
Se-Kp 

5 . 2 ?, 

5i r 2 
S..K, 


Substituting, we obtain 


rev. per min. 


( TS - NM jk) >+ ( NT iky 

syn. 

M 



If N T X ri/Xi, which represents the resistance drop due to 
the wattless component of the secondary current, be treated as 
negligible, this expression reduces to 

TH-MN-, j*- 

rev. per mm. — _A 

syn. ^ TH 

which usually gives the speed with sufficient accuracy for practi¬ 
cal purposes. 

*It is assumed here that 0 G C is a right angle. As was shown above, 
the effeet of cross-field iron loss makes the angle 0 G C slightly larger than 
a right angle. The effect on the speed is too small, however, for practical 
consideration. 
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VII. Effkct ok Primary Rksistanck 
I n developing the formulas and graiducal } m icesses, used 
in the construction of Pig. 10, the cited, of primary resistance 
has in all cases been neglected. In other words, the induced 
e.m.f., 0 E y has been assumed to be equal to tins depressed e.m.f. 
and constant. The advantage gaim*d by constructing the dia¬ 
gram on this basis is that it gives tin* diameters of the semi¬ 
circles, FO and M ll as well as the lines O M t M P and F 1\ a 
constant length. The fact that these lines are of constant length, 
so that the points If, //, etc. are fixed, renders possible the use 
of a number of processes, among them the rev. per min, formulas, 
developed above, which would otherwise be incorrect. 

No error or inconvenience results from this method of con¬ 
struction, since the effect of primary resistance can be taken 



account of, with all necessary precision, in a very simple manner, 
as has been shown by De IatUmr and other writers. 

We extend the primary current vector () 7\ Pig, 12, to /, 
making 0 Z of such a length as to represent the resistance drop 
due to the current represented by OT, The vector sum ZK 
represents the impressed e.m.f. which would be required in order 
to make the induced e.m.f. equal to 0 F, and therefore 

OH induced e.m.f. 

Z E impressed e.m.f, 

Correct current values are obtained from the diagram by 
multiplying each current vector bv the corresponding value of 
OR/ZfE 

OH 

primary current O 1 S x > 
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secondary current = M TS 2 X 

Z, 

Also, in determining the secondary input, the fact should be 
borne in mind that the e.m.f. impressed on the secondary is equal 
to the e.m.f. induced in the primary, multiplied by K P1 that is. 


and therefore 

secondary input = T R -gr- X -g -gr X £ X X 


TRSiXEX 


/ o e y 

\ZE ) 


The value of 0 EjZ E must, of course, be separately deter¬ 
mined for each value of the current vector 0 T. 

VIII. Working Diagram 

Fig. 12 shows a practical working diagram, based on the 
analysis of flux, e.m.f. and current relations represented in Fig. 
10. If the greatest possible degree of accuracy be desired, the 
following data, in addition to the line voltage E, are required for 
its construction. 

1. Main field magnetizing current. i m 

2. Primary leakage coefficient. K p 

3. Secondary leakage coefficient. K, 

4. Reactance (total reduced to primary). X\ 

5. Reactance (total reduced to secondary). X 2 

6 . Primary resistance. *i 

7. Secondary resistance (reduced to primary). r 2 

8. Iron loss due to main field.. Pim 

9. Iron loss due to cross field. Pic 

10. Friction and windage loss. Pf 

In practical work, however, it is not necessary to distinguish 
between the values of K v and K s . The product 


K P K. = 1 - 
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and sufficient accuracy will be obtained by assuming; that either 


K P or K i is equal to 


If K v and K, are equal, it, follows from the formulas previously 
developed that -Y j is equal to X*. 1 hil y one calculate m, I here tons 
is required for reactance. Also, it is not usually necessary to 
calculate separately the iron loss due to the main and cross fields. 
It will be sufficiently accurate to make the calculation of the 
total iron loss just as in the ease of the two- phase motor and 
assign one-half to the main field and the same, or a slightly 
smaller value, to the cross field. 

The quantities, therefore, which it is necessary to determine by 
previous calculation are 

1. Main field magnetizing current. i m 

2. Reactance (total),.. A 

3. Primary resistance.. .. r 't 

4. Secondary resistance. f? 

5. Iron loss (total).. l\ 

(). Friction and windage loss. P* 

Let 

51 - primary amperes per inch 

5 2 ^ secondary amperes per inch 

p 

S, ~ volts ]«'r inch, for the impressed e.tu. I. it) Hi, 
and resistance drop <(>/,)■ 


In reconstructing the diagram. 


A* X .S‘, 


0.6 Pi 
fiX St 
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After the above lines have been drawn the larger semicircle 
should be constructed on M H as a diameter. The locked point 
L may then be located by making 


LH = MH 


LH 

MH 


the factor L H/MII being obtained from the curve Fig. 13 . 
When the location of L has been determined, the smaller circle 
may be drawn through V, L and H. 

The next step is to select a point T for calculation and draw 
the line 0 Z of a length equal to 

OT Sin 

S e 



Fig. 13 —Curve for Locating Locked Point (L) 

L H/M H is the sine of the angle of which n/X is the tangent. 

In calculating the performance for various values of the pri¬ 
mary current, it will be convenient to use a data sheet similar to 
the one shown herewith. The measurements taken from the 
diagram are the lengths of the lines 0 T, M T , N M, NT , T H y 
and T R , which constitute the first six items on the data sheet, 
and the length Z E from which (0 E being previously known) 
the ratio of primary induced e.m.f. to impressed e.m.f. may be 
obtained. This constitutes item No. 7 of the data sheet. When 
these values for a selected load point have been recorded, the 
calculation may be completed without further reference to the 
diagram. The various formulas required are given on the data 
sheet. 

The motor input is equal to the sum of the primary copper 
loss, the main field iron loss and the secondary input. 
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The losses fall into two classes: 

1. Losses supplied directly by the primary. 

2. Losses supplied from the secondary input. 
The losses supplied directly by the primary are 

1. Primary copper loss. 

2. Main field iron loss. 



H.P. V. 


R.P.M, 


'i • 'V- 

in i« J’.t 

“ki>~ ' x ■ 

V 

Sjj-r 8 


1 

O.T 

FROM DIAG. 

.j 


j 

»> 

MT 

•• 

... 




3 

M N 

• 




■1 

NT 

.. 






5 

T H 

.. 

: 

i. 



6 

T R 

•• 

! 

! 

7 

UJ 

vN 

UJ X 

O 




8 

MN V : A 

(3) x r a/X 




0 

NT '' x 

. ix 




10 

TH MN x 

(5.1 —• (8.1 




11 

R.P.M. 

/ no)" rt'.i Km 

4 CO Ml.') 1 A..) 




12 

PRIM. AMI'S. 

. 1 ) )t (7 )x s, 



13 

sec. AMI'S. 

(-.) * O' ) * «s 

; 


H 

SEC. C-LOSSA 


f 



i;> 

SEC. C- LOSS 0 

.*.'».. 


. 


10 

FC. LOSS CROSS 

PWVKMJm V FOUND 





17 

F. A W. LOSS 

•• ! 





18 

FE.- I OSS MAIN 


| | 


10 

PRIM. OU LOSS 

(12) 8 x r, i 



20 

SEC. INPUT 

i 7,/" x 8, x E x- 0 ; 



21 

INPUT 

it8? | nil! I 120’ 




TOTAL LOSSES 

,11 t; 1.. * Ut;+fw * l ’-f. 

1*. ; 



23 

OUTPUT 

•21 (22/ ] 





21 

TORQUE (07! FT.) 

23 x 112.7 7* r.p.m 





25 

EFFICIENCY 

23 : 2P ; 






20 

APP. INPUT 

(12) * E 






27 

POWER FACTOR 

til) 4- <§) 




__ 



Data Sheet 


The losses supplied from the secondary input are 

1. Secondary copper loss in circuit /I. 

2. Secondary copper loss in circuit B* 

3. Iron loss due to the cross field. 

4. Friction and windage loss. 
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At synchronous speed the secondary copper loss in circuit 
A is equal to 

(M V X S,T- 

At lower speeds the value becomes 

(IPX s 2 y- n (44 X rev. per min. V 
\Z E syn. / 

The derivation of the other formulas on the data sheet will 
be evident. 

The maximum torque is obtained when the end of the current 
vector is slightly beyond the center of the arc V L. The effective 
maximum torque, as determined by a brake test, is usually 
about 92 per cent of the calculated value. 

IX. Starting Torque—Single-Phase Induction Motor 
with Auxiliary Starting Winding 
Neglecting the effect of friction, the starting torque of a two- 
phase induction motor in ounces at one-foot radius is equal to 

225.4 X Pb 
syn. 

in which F b is the secondary input from one phase. 

The starting conditions of a single-phase induction motor 
equipped with an auxiliary starting winding differ from those of 
a two-phase induction motor in two respects. 

1. The secondary flux (p 3 due to the starting winding is not 
necessarily equal to the secondary flux cj> & due to the main wind¬ 
ing. Other conditions remaining the same, the starting torque 
will vary with 0 */<£&. 

2. The phase angle 6 between <j) s and <pb is less than 90 deg. 
Other conditions remaining the same, the starting torque will 
vary as the sine of 6. 

Therefore the expression for starting torque of a single-phase 
induction motor is 

225.4 X Pm X 4>sX sin 6 
syn. X (f>b 
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Fig. 14 represents the secondary flux and the currents and 
induced and impressed e.m.fs. of the main winding, and, to a 
different scale, the same quantities of the starting winding. 

If Si = amperes per inch for main winding, 
then Si X X m /X s = amperes per inch for the starting winding, 
since the same line 0 H represents E/X m and E/X a . 

The two secondary fluxes 4> s and <j> b are represented by the 
same line 0 B, while the e.m.f. impressed on the main winding 
is represented by 0Z L , and the e.m.f. impressed on the starting 
winding by 0Z t . Actually, of course, the impressed e.m.f. 
is identical in the two cases, both in amount and in phase, and 
there is a phase displacement equal to 6 between and cf> b . 

When the working diagram, Fig. 12, has been constructed for 



the determination of running performance, it is only necessary 
to add the lines 0 Z L and 0 Z a * to obtain the values which enter 
into the starting torque formula. 

As was shown previously, 


06 CC LH Si 

*E Z 5 is parallel to 0 L and equal to 

0 1 x 5i x n ± X X~ 
s e x x s 

E X rx 




















Therefore 
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6 = the angle Z h 0 Z, 


L Ri X 5! X 




Substituting these expressions in the starting torque formula 
given above, we obtain 


starting torque = 225.4 X 


L RiXSiXE 


y. _ 0 E _ \y \ / \S * ft -f 

X OZ^XOZ, X V x X sin 0 t 


The effective starting torque is usually about 92 per cent of 
the calculated value. 


X. Comparison of Calculated and Test Results 
The results tabulated below were obtained in the course of 
regular commercial work on motors built to meet special require¬ 
ments. The reactances and magnetizing currents were calcu¬ 
lated by C. A. Adams’s formulas and the secondary resistances 
by DeLatour’s formula. 



H.p. 

Efficiency 

Power factor 

Max. torque* 

Starting torque* j 


Test 

Calc. 

Test 

Calc. 

Test 

Calc. 

Test 

Calc. 

1 

1 

73.5 

73.3 

71 

68 .S 

144 

141 

not av 

ailable 

2 

1/2 

66.2 

66 .5 

67.1 

66.8 

70 

70 

21 

21.3 

3 

1/2 

70.4 

71 

72.6 

71.5 

49.5 

51 

not av 

ailable j 

4 

1/3 

59.5 

60.2 

66.7 

67.5 

44.5 

44.5 

it 

u 

5 

1/12 

51 

48.6 

62.6 

64.2 

S.l 

7.9 


a 

6 

1/4 

61.6 

59.6 

64.5 

65.6 

3o 

34 

23 

23.2 

7 

1/6 

56.5 

57.7 

72.5 

75.5 

17.25 

17.2 

16.25 

16.6 

8 

1/6 

52 

51. S 

66.3 

65.7 

| 22.4 

22.7 

14 

16.3 

9 

1/10 


63.5 


65.6 

; 16.6 

16.4 

12.25 

12.5 

10 

1/3 

64.9 

65. S 

68.3 

! 67 

; 36.5 

35.3 

22.2 

22.5 

11 

1/4 

61.5 

61.7 

69 

! 67.2 

| 26 

25.4 

19 

18.3 

12 

1/12 

49 

46.8 

58.2 

| 62 

! 13.25 

11.6 

9 

9.5 


♦Calculated values of maximum and starting torques, as given in the table, are the 


values obtained by the formulas multiplied by 0.92. 

t In ounces at one-foot radius. 
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The larger discrepancies between test and calculated values are 
due to errors in the calculation of the constants rather than to 
the diagram. As an illustration of this fact, the running 
performance of the 1/12-h.p. motor, which appears as the last 
item in the above list, was re-figured from test constants, with 
the results which follow: 


Horse power 

Efficiency 

Power factor 

Max. torque 

Test 

Calc. 

Test 

Calc. 

Test 

Calc. 

1/12 

I 

49 

48.7 

58.2 

59.5 

13.25 

13.3 


Appendix I —Notation 

E = impressed voltage. 

E ta = transformer e.m.f. in circuit A. 

Em = rotational e.m.f. in circuit A. 

E t b — transformer e.m.f. in circuit B 
Erb = rotational e.m.f. in circuit B. 
i = primary current. 

i m — magnetizing current for main field. 

i ms = secondary no-load current as reflected in primary. 
i h = primary current with rotor at rest, assuming r x and r% 
= 0 . 

i 2 = secondary current. 

i 2h = secondary current with rotor at rest, assuming r x and r% 
= 0 . 

i a = cross-field magnetizing current in circuit A . 
i b — secondary no-load current in circuit B. 

P b = secondary input from phase B . 

P m = secondary input from main winding. 

Ti = primary resistance (main winding). 
ru = primary resistance (starting winding). 
r 2 = secondary resistance reduced to primary. 

X\ = reactance (total reduced to primary). 

X 2 = reactance (total reduced to secondary, but assuming a 
1 to 1 ratio). 

X = reactance (total, either X\ or assuming Xi — X 2 ). 
Xq = reactance with secondary open-circuited. 

X m = reactance of the main winding (total reduced to pri¬ 
mary). 
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X a = reactance* of the starting winding (total reduced to 
primary). 

(fy a — flux of phase A, or the cross flux of a single-phase 
motor (effective or resultant value in the rotor). 

{/> b flux of phase B t or the main flux of a single-phase 
motor (effective or resultant value in the rotor). 

(j) s flux of starting winding (effective or resultant value 
in the rotor). 

permeance of the mutual path, 
permeance of mutual and primary leakage paths in parallel. 

permeance of the mutual path, 
permeance of mutual and secondary leakage paths in parallel. 

I\ f 1\ p X #» 

/V/ coefficient of mutual induction. 

I n coefficient of self induction of the primary. 

L.> roefTident of self induction of the secondary. 

P 2 7T X frequency. 

St primary current scale (amperes per inch). 

St : secondary current scale (amperes per inch). 

S r c.m.f. scale (volts per inch)* 

Arm- \i>i\ II Pm s and Mini s Sions 

All diagrams in this paper are constructed in accordance 
with the following conventions: 

A flux entering the rotor from the top or left is assumed to be 
positive. 

A current which tends to produce a positive flux is assumed to 
be positive. * 

A voltage which lends, to produce a positive a 

current is assumed to he positive. I \ 

Prom these conventions it follows that: i ^ * \ 

1. Ohmic drop*: are of opposite sign to t he \ j 

currents producing them. \ / 

2. All voltage triangles of which two sides A 

are opposing induced e.m.fx. and the thin! 

side a resistance drop or an impressed voltage, must dose with¬ 
out two arrows [ranting toward any one angle. 

3. When 4> (t is positive, K r * is [positive, but when </> h is positive, 
li ra is negative, for rotation as per sketch. 
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MOTOR STARTING CURRENTS AS AFFECTING 
LARGE TRANSMISSION SYSTEMS 

BY P. M. LINCOLN 

From time to time those responsible for the operation of 
electrical systems have displayed a disposition to place a definite 
limit upon the size of motors which, they will allow upon their 
circuits. Tlr's tendency seems to be more pronounced m alter¬ 
nating-current than in direct-current systems, but is observable 
in both. Moreover, in alternating-current systems the tendency 
is not confined to central stations for city supply, but is spread¬ 
ing to the larger transmission systems that deal in wholesale 
power. 

So far as the writer has been able to analyze, the reasoning 
that has led to these restrictions is about as follows: 

1. A desire to avoid tying up too much load to a single piece 
of apparatus, thereby endangering a comparatively large in¬ 
come by the loss of a single motor. 

2. A fear that the starting currents and the fluctuations in 
the operating currents of relatively large motors will cause 
fluctuations in voltage. 

3. A fear, more or less undefined, that the cumulative effect 
of starting many large motors at nearly the same hour will 
cause so large a draft of current as to be beyond the ability of 
the generating plant to take care of it. 

It may be of interest to analyze further these reasons and see 
just how much bearing they may have upon a typical large 
transmission system which presumably deals in wholesale power 
only. 

The writer recognizes the first of the above reasons as an 
entirely legitimate one. It is, no doubt, desirable to keep the 
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power supply as much subdivided as possible, thereby avoiding 
the danger of a relatively large loss of revenue by crippling of a 
single motor. Its application, however, is wholly commercial 
in its nature. There are many cases where these same commer¬ 
cial considerations may make it desirable to advocate rather 
than deprecate the use of large motors, since on no other basis 
can some kinds of business be secured. Take for example an 
existing cotton mill or other industry that is already equipped 
with an engine connected to its load by shafting and belts. 
The most natural way of applying electric drive to such a 
case is simply to substitute one large motor in place of the 
engine. Commercial considerations will often demand that a 
given load be taken in this manner or not at all. This case is 
cited merely to indicate that commercial considerations are not, 
and of necessity cannot be, controlling in fixing the size of motors 
or in any ruling which looks toward the limitation of the size 
of motors which might be permitted on a given system. The 
size of the motor is simply a matter of expediency. If the advan¬ 
tages of subdivision can be obtained along with electric drive 
well and good, but if circumstances forbid these advantages, also 
well and good. The decision as dictated by commercial consid¬ 
erations will be to.take the business however it can be obtained, 
entirely independent of the size of the motor that may thereby 
be placed on the system. 

The second reason mentioned above, namely, the desire of 
avoiding voltage fluctuations, is also one that must be recognized 
as having a logical basis. However, this reason is one which 
appeals with much more force to the typical city supply system, 
whose main func ion is the supply of lighting, than to the large 
transmission system for the supply of wholesale power. In any 
event the logic of any ruling having this object in view demands 
not simply a limitation in the size of the motor but a considera¬ 
tion as well of other conditions that surround the installation 
of this motor. The point involved is simply the question of the 
\ oltage fluctuation which will be caused when a given motor is 
started or stopped or when its load fluctuates. The voltage 
fluctuation depends not only upon the size of the motor, but also, 
among other things, upon the size and regulation of the trans¬ 
formers supplying the motor and upon the size, voltage and 
length of the transmission line connecting it with the source of 
power. A logical restriction which has for its object the elimina¬ 
tion of voltage fluctuation, should depend even more upon these 
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other features than upon the size of the motor. A five-h.p. 
motor, for instance, supplied along with some lighting customers, 
b} 7- a three-kw. transformer at the end of a comparatively long 
and low-voltage transmission might be more of a menace to 
lighting in its neighborhood than a 100-h.p. motor close to the 
power station and supplied by large-capacity, high-voltage 
transmission lines and good regulating transformers. 

Any restriction which has as its basis the elimination of volt¬ 
age fluctuation is, as indicated above, much more applicable 
to a central city supply station than to a large transmission 
system dealing in wholesale power. It is highly important for 
the city supply station to maintain voltage as steady as possible, 
since a large part of its revenue is derived from the supply of 
lights. With the transmission system supplying wholesale power, 
however, the conditions are far different, the revenue from 
lighting being a very small proportion of its total revenue. The 
responsibility for voltage fluctuations at customer’s premises is, 
therefore, by no means as heavy as it is with the city supply 
system. 

In general there are two effects that must be borne in mind 
when considering the question of voltage fluctuations that may 
be caused by the presence of motors, and these two considerations 
hold whether the primary object of the circuit in question is the 
supply of lighting or the supply of wholesale power. These two 
effects are: first, the transient fluctuation of voltage due to 
starting current or to a change in running current, and second, 
the permanent voltage which is due to the permanent assump¬ 
tion or rejection of load by these motors. In dealing with the 
wholesale supply lines much of the first-mentioned variety of 
voltage fluctuation may be forgiven, since it is confined to a few 
relatively short and predetermined periods of the- day, namely, 
the regular morning, noon and evening starting and quitting 
hours of the mills and factories that are supplied with pow r er. 
This is particularly true since the customers who make use of 
wholesale power supplies directly for lighting, invariably recog¬ 
nize that they are applying it to a use not primarily intended 
and are willing to make allowances therefore. It is sometimes 
necessary to take some special means to care for the permanent 
voltage change where the power circuits are used directly for 
lighting, since the difference in voltage between loaded and 
unloaded line may reach such a value as to be destructive to the 
lamps. However, where the typical individual mill draws a 
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starting current from the line that is less than the running cur¬ 
rent (as will be shown later in this discussion), it is evident that 
the question of motor starting current and transient voltage 
fluctuation caused thereby is of secondary importance. 

The third cause for contemplating the limitation of the siz e 
of motors mentioned in the opening paragraph, namely, the fear 
that the draft of starting current of many motors starting about 
the same time may be beyond the capacity of the power plant, 
is the question whose investigation has led to the preparation 
of this paper. The conditions which led up to this investiga¬ 
tion are, briefly, as follows: 

A certain large transmission system operating in the south 
at one time in the course of its growth experienced considerable 
difficulty in picking up its load at the time of the us ual morning 
start of the mills. In this case, as is usual with southern trans¬ 
mission systems, most of the load consisted of cotton mill s, 
which started up nearly the same hour of the morning all over 
the system. From certain effects noted it seemed that the start¬ 
ing currents taken by the motors at these periods were the cause 
of the failure to pick up the load and it was largely this consider¬ 
ation that led this particular system to consider a restriction 
in the size of the motors which might be allowed upon its circuits. 
This attitude led in turn to taking up for systematic investiga¬ 
tion the general question of starting conditions which might 
actually be found in the mills that were taking power from this 
company s lines. An investigation of this character was, there¬ 
fore, undertaken. 

The method of making this investigation was extremely sim ple. 
Graphic recording meters were placed in the supply circuits of 
the null under test. Meters showing the draft of both current 
and kilowatts were used in each case, so that both the kilovolt¬ 
amperes and the kilowatts of the mill could be secured. The 
effect during starting periods of the mill could thereby be readily 
observed and record thereof made. Nine typical mills were 
selected and tests of this character made upon each of them. 

A number of starts, both morning and noon, were made, in order 
to avoid the possibility of observing some condition which was 
not entirely typical. 

A summary of the results which were obtained upon these nine 
mills by these tests is contained in the following table. 

In addition to this summary, some of the more representative 
records made by the graphic meters are reproduced herewith. 
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i Mill 
! No. 

Number 
of motors 

Total 

i capacity 
of motors 
in h.p. 

Type of 
motors 

Capacity 
of largest 
motor in 
h.p. 

Percentage 
of total 
capacity in 
largest 
motors 

Excess of demand 
in starting period 
| over running period 



In kv-a. 

In kw. 

1 

37 

9S1 

Wound 

secondary 

100 

10.2 

None 

None 

2 

257 

2440 

Wound 

secondary 

125 

5.0 

None 

None 

3* 

31 

1284 

Squirrel 

cage 

150 

11.7 

None 

None 

4 

37 

3055 

Squirrel 
cage j 

150 

4.9 

None 

None 

| 5 : 

24 

457 

Squirrel 

cage 

35 

7.7 

None 

None 

1 6 

24 

2626 

Wound I 
secondary- 

175 

6.7 

None 

None 

7 1 

2 

150 

Squirrel 

cage 

75 

50.0 

| 25% | 

25% 

s 

12 

1125 

Wound 

secondary 

175 

15.5 

None 

None 

i 9 ; 

3 

300 

Squirrel 

cage 

...j 

200 

66.7 

50% 

None 


It was recognized that in obtaining records of the starting 
conditions there was a possibility of error owing to the time lag 
of the graphic meters behind the actual current and kilowatt 
conditions which produced the meter indications. This matter 
was given careful attention in the taking of these particular 
records. The speed of the pen was adjustable in the graphic 
meters used, and this speed was so fixed that on the one hand the 
pen did not move so fast as to overshoot the amperes per kilo¬ 
watt it was endeavoring to follow and on the other hand it had 
sufficient speed so as not to have too great a discrepancy between 
actual amperes or kilowatts and the position of the pen at the 
same time. The range of adjustment was such as to allow 
a speed of pen which would travel over the entire range in less 
than five seconds. Since the process of starting a large motor 
is one which always requires a period several times as long as 
this, and further since the travel of the pen is never but a fraction 
of the entire scales we may rest assured that the graphic meter 
indications which are shown here give a reasonably accurate 
indication of the starting conditions which we are observing. 

Figs. 1 a and 1 b show, for instance, the starting conditions 
in a cotton mill, equipped with total of 1284 h.p. in motors. 
This is the mill given as No. 3 in the foregoing summary. In 
this mill there are two motors of 150 h.p. each and three of 100 
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h.p. each. All motors in this particular mill are of the squirrel 
cage type. An inspection of the records reproduced in Figs. 
1 a and 1 b shows at once that the maximum demand during 



Fig, I a 


the starting period as compared to the demand during the 
running period is less than 70 per cent in kilovolt-amperes' and 
about 50 per cent in kilowatts. 
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Figs. 2 a and 2 b show the conditions in another mill No 
8 m the summary. Here the maximum demand during slu’rting 
penod is about 70 per cent of the running kilovolt-amperes and' 
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about 62 per cent of the running kilowatts. The motors in this 
case are of the wound-rotor type instead of squirrel cage as in 
the preceding case. The result of this difference in type of 
motor is shown in the fact that the kilovolt-amperes and kilo¬ 
watts during the starting period come nearer together than is 
the case with the squirrel-cage motor. On the other hand a com¬ 



parison of the charts indicates that the kilowatts of the wound- 
rotor motor taken during the starting period are higher than for 
the squirrel-cage type. It is, of course, possible to obtain much 
more rapid acceleration with the wound-rotor type than with the 
squirrel-cage type, and this power placed in the hands of a mill 
operator who is in a hurry to get started in the morning may 
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lead to drafts of current during the starting period that are 
considerably greater with the wound-rotor type than with the 
squirrel-cage type. This is a fact which does not seem to have 
been properly appreciated by those who are using motors for 
mill purposes. 

Figs. 3 A and 3 b illustrate mill No. 6 in the foregoing 
summary. The capacity of the largest motor in this mill is 
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the same as in No. 8 just described, but the total capacity of all 
motors is more than double that in mill No. 8. Although the 
actual kilovolt-amperes and kilowatts taken for starting a 
single motor are about the same they become a smaller propor¬ 
tion of the running conditions. 


KV.-A. 



Pig. a a 


Figs. 4 a and 4 b show by far the most severe condition of 
any that was found in these tests. This mill is No. [) in the 
summary, and is provided with only two motors, one a 200 h.p. 
and the other 100-h.p., both of the squirrel-cage type. In this 
case, therefore, the largest motor amounts to two-thirds the 



KW. 


I m 


m 


, A.M 


total motor capacity. However, even in this most severe case 
the kilovolt-amperes during the starting period exceed the run¬ 
ning kilovolt-amperes by only 50 per cent and the kilowatts dur 
ing the starting period does not exceed the running kilowatts at 
all. If this mill had had a total of 500 h.p. instead of only 
300 h.p., the starting kilovolt-amperes would not have exceeded 
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the running kilovolt-amperes. We might note that if this mill had 
been increased to a total of 500 h.p., its total capacity would 
have been only about 20 per cent of mill No. 4 and only about 25 
per cent of mills No. 2 and No. 6. The foregoing records are 
typical of those for all of the other mills taken. On account 



of this similarity no further records are here reproduced. There 
are some conclusions which may readily be drawn from an inspec¬ 
tion of these records and the foregoing summary of the nine mills 
that were observed. 

In the first place it is evident that so long as the largest motor 
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in a mill is less than a certain percentage of the total capacity 
in motors, the power demanded for starting purposes will always 
be less than for running purposes and this will be true no matter 
whether the demand be measured in kilovolt-amperes or in kilo¬ 
watts. The evidence of the foregoing records indicates that the 
largest motor may be at least 25 per cent of the total capacity 
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in a given mill and still this relation will hold. Possibly the 
largest motor may he even higher than this percentage of the 
total, but 25 per cent is certainly a safe figure, judging by the 
actual records taken. 

It is fuiflier evident that so long as the current during the 
starting period is less than during the running period the draft 
of starting current cannot he a menace so far as ability to pick up 
load is concerned. A power plant that can pick up and carry 
the running current can also pick up and carry the starting 
current, provided this starting current is less than the running 
current. What is true of one mill is, of course, still more true 
when many of these mills arc carried upon a given transmission 


KV..A. 



system. The foregoing summary shows three mills that have 
total capacity of more than 2000 h.p„ one of them exceeding 2000 
h.p. Twenty-live per cent of the total capacity of any one of 
these mills will mean a single motor having a capacity of 500 
to 750 h.p. Therefore, in any one of these mills a motor of 500 
h.p. could have been started and still the draft of current during 
tunning conditions would have been more than that during 
starting conditions. If the starting of a 500-h.p. motor can be 
accomplished in one mill without'exceeding a safe limit, there 
is no reason why the same thing cannot he doin' in another 
independent of the total capacity. In other words, so far as 
picking up the load is concerned, this particular system can 
certainly take care of single motors as large at least as 500 h.p. 
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The writer does not mean to say that he advocates motors of 
so large a size as this, since he believes that they are objection¬ 
able for other reasons, but so far as the ability to pick up the 
load is concerned there seems to be no doubt that motors of this 
size are entirely feasible. In fact, if necessary, the writer sees 
no reason why from this standpoint the size of the maximum 
motor cannot be increased considerably if such a step were ever 
found necessary. 

While the foregoing records were being taken on individual 
mills there were also similar instruments recording the output 
of one of the high-tension lines feeding this system. Fig. 5 is 
a typical record of one of these transmission lines at the power 
plant. This record was taken during a typical morning start. 
The shape and character of this record does not indicate any 
possibility of distress on account of current draft during starting 
period. 

A further consideration of these graphic records indicates almost 
to a certainty that it was not the motor starting currents that 
caused the failure to pick up load, but the high rate at which incre¬ 
ments of real kilowatt-load are assumed by the power during the 
starting period. The source of power in this case was water 
power, and it is well known that waterpower plants are by 
nature much more sluggish in their ability to assume incre¬ 
ments of real load than are steam plants. It seems very 
probable, therefore, that the cause of the inability to pick up 
load was due to the high rate of real kilowatt assumption, 
coupled, probably, with an unusually sluggish adjustment of 
governors. 

This probability seems all the more certain when we consider 
the method of starting up cotton mills. The method used in 
such mills is first to start all motors some five or 10 minutes 
before the blowing of the morning or noon whistle. However, 
the starting of the motors does not put into operation the looms 
and other mill machinery that these motors drive. Each motor 
drives a more or less extensive system of countershafting to 
which the individual looms and other machinery are connected 
by tight and loose pulleys. Therefore, until the starting whistle 
blows, each motor operates only a relatively short section of 
countershafting. As soon as the starting whistle blows, each 
operator starts his own group of machines as rapidly as possible 
and it is during this period that the real kilowatt load rises so 
rapidly. An inspection of the accompanying graphic records 
clearly indicates the period at which the real load is thrown on. 
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From the data that have been given herein, the writer believes 
that the following conclusion is entirely logical— 

That the only logical restriction in size of motor is one that 
will prevent it becoming more than 25 per cent of the capacity 
of the largest mill on the system. Such a restriction as this 
usually leads to so large a motor that no restriction whatever is 
necessary. 
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Discussion on “The Squirrel-Cage Induction Generator” 
(Hobart and Knowlton), 

“ Single-Phase Induction Motors ” (Branson) and 

“Motor Starting Currents as Afeecting Large Trans¬ 
mission Systems ” (Lincoln). Boston, Mass., June 28, 

Lee Hagood: My remarks will be confined to the question 
of exciting current in connection with Mr. Hobart’s and Mr. 
Knowlton s paper. As you will see- from reading their paper, 
the matter of exciting currents bears very much on the question 
of air gaps. To some extent, the amount of exciting current 
lequired may appear to be a very great objection to these ma¬ 
chines. I wish to make the point that neither the design of 
the machine nor its application should be very much restricted 
on account of exciting current. 

On most commercial systems, the exciting current is already 
large, due to the transformers and induction motors. The 
former require from 4 per cent to 8 per cent of the actual current, 
and the latter from 40 per cent to 80 per cent. Exciting current 
is wattless and 90 deg. out of phase with the energy current. 
Its magnitude depends upon matters of design. It may be 
supplied to a system by either synchronous motors or synchron¬ 
ous generators, and the amount supplied by any given machine 
to a system depends upon the direct current applied to the field 
of the unit in question. In the circuits involved in its transmis¬ 
sion, it produces two important effects, one being a voltage 
difference, and the other energy losses. The losses are mostly 
copper losses. 

The effect of exciting current on I 2 R losses can be seen from 
the following equation: 

per cent losses = Pg r c ent losses at unity power factor 

(power factor) 2 

For example, if the losses in a transmission line were 8 per 
cent at unity power factor, they would be 16 per cent at 0.7 
power factor. 

The following equation represents approximately the voltage 
drop in a transmission, or feeder line: 

V = I e R + I W X when I w = I' w —I c /2 

F is the voltage difference between a generating and receiving 
station: if the difference is a voltage drop, V must be taken as 
positive and if the difference is a rise V must be taken as negative; 
X and R represent the three-phase resistance ap.d reactance be¬ 
tween the points under consideration; I e is the energy component 
of the current, supplied the load; I' w is the wattless component 
of the transmission line current at the receiving end; and I c is 
the amount of wattless current required to charge the trans¬ 
mission line. 

This formula is based on the assumption that the voltage drop, 
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due to Hie charging current, is equal to (1/2) A\ a.u<l that we can 
disregard a. very small quantity which should appear in tlie 
equation, namely /y. (1 — cos nr), where l\. is the generating 
voltage and a is the phase relation between the generating and* 
receiving voltage. 

big. 1 represents a synchronous genera I or and an induction 
generator in the same station supplying, in parallel, a non-in¬ 
ductive load. The induction generator will require about 80 
per cent, exciting current, or SOO wattless kv-a. This is sub¬ 
stantially independent of load, and must be supplied by a syn¬ 
chronous machine. In the case illustrated in Pig. 1," neither 
the losses nor the voltage are of consequence, due to t he smallness 
ol the exciting current and distance* of its transmission. 
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pK- 2 W Mmilur to tig. 1, except that, the load is inductive 
an<i a synchronous condenser is applied, of sufficient capacity to 
enn-y the maximum wattless component of the load. The value 
<4 70 per cent power factor used is one that, often obtains in prae- 
t,sc *. 1 1k ‘ <>* t ; S: synchronous condenser can lie under auto- 

matu: control by means of an automatic volt, aye regulator ’in 
such a manner that the power factor in the transmission line is 
corrected, and the voltage maintained constant across its 1ms- 
bars with a regulation of 2 per cent. Thus we can accomplish 
not only an excellent, voltage regulation at a distribution center 
lmt a saving m PR losses and the full use of the kilovolt-anmeres 
oi the apparatus involved. In the ease given in Ric. 2 it is 
assumed that the transmission losses at unity power factor are 




1912] 


DISCUSSION AT BOSTON 


1803 


8 per cent.. Without the synchronous condenser, the demand on 
the receiving -and generating stations respectively would he 
I, 0 , and 7625 kv-a., whereas with the synchronous condenser 
the demand is only 5200 and 5600 kv-a. To maintain this con- 
dition a 60-cycle, 5000-kv-a. synchronous condenser would be 

about t20nor U Ti ?OSt ’^T? {t ? Switchboard and accessories, 
about $20,000. . This additional investment is quite small 

when we appreciate that the total investment in an installation 
lor delivery of power to any point over a transmission line is 
based principally on kilovolt-amperes, and is in the magnitude 
m a great many cases, of $150 per kv-a. In the above, we have’ 
reduced the kilovolt-ampere demand by about 2000 kv-a. • the 
line losses have been reduced 8 per cent, and an excellent voltage 
i egulation is accomplished. The losses in the synchronous con¬ 
denser are about 4 per cent, but the better power factor in the 
generators has reduced their losses about 2.5 percent: hence a 
net economy in losses of 6.5 per cent, or 375 kw., is obtained. 

iiie smaller the constant voltage difference maintained be- 
tween the generating and receiving station, the nearer constant 
will.be the power factor. If we make this difference zero, the 
equivalent line power factor will be constant from no load to 
•ii i° ad ' * or mos 6 transmission lines the equivalent power factor 
will be around unity, the exact value depending upon the rela¬ 
tion Ie/Iw - X/R. The action of the synchronous condenser 
controlled, by its voltage regulator, is to hold constant voltage at 
tiie receiving station and in so doing it automatically carries 
all or part of the load’s wattless kv-a., at all loads maintaining. 
I w at such values as to meet the given voltage setting of the 
uicixor. 


I notice Mr. Lincoln referred to a system having a voltage regu¬ 
lation around 10 per cent. I have in mind two or three systems in 
which the regulation is 20 to 30 per cent. Induction regulators 
usually compensate for a voltage variation of about 20 per cent 
and they cost, m general, for similar service, about half the price 
ot a synchronous condenser for 60-cycle service; however, a syn¬ 
chronous condenser can not only take care of voltage regulation 
but it corrects the power factor, as well, causing the consequent 
economies. Hence, there exists a wide application for its 
general use. 


I believe that we will come to a very extensive application 
o synchronous condensers used for power factor correction 
and automatic voltage control. In view of this, I feel that but 
httle restriction should be placed on exciting currents required 
by induction generators, induction motors and transformers. 
1 he designs of all these should lend themselves only to matters 
of cost, durability, etc. 

. Comfort A. Adams : In connection with the question of ex¬ 
citation m an alternating-current system, I wish to present the 
.following point of view, which may be helpful to some. In 
any alternating-current system there are various magnetic 
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fields for all of which excitation must be provided; whether it be 
the field of an alternator, synchronous motor, induction motor, 
or the magnetic field surrounding the line wires. In most sys¬ 
tems the only* or at least the principal fundamental source rf 
excitation is the direct current supplied to the fields of the syn¬ 
chronous machines of the system. Any other magnetic fields, 
such as in induction motors, transformers or around the line 
wires, must be excited through the medium of reactive lagging 
currents which act as conveyers of the excitation from the source 
in the synchronous machines to the place of consumption. The 
greater the excitation demanded by these various secondary 
magnetic fields, the greater must be the excitation supplied by 
the direct-current field currents of the synchronous machines, 
in order to maintain the desired voltage, and the greater must 
he the lagging reactive currents required for conveying the ex¬ 
citation. ^ Thus one advantage of supplying the excitation at 
or near the point of consumption is the obvious saving in the 
cost: of transmitting it. But there is another sometimes greater 
advantage, namely the improvement in regulation and the ability 
to control the voltage at the receiving point by the adjustment of 
die excitation at that point. This point of view leads naturally 
to the consideration of a system in which the voltage is main¬ 
tained at the same value at all points by means of properly 
distributed excitation. 


Referring now to the paper of Messrs. Hobart and Knowlton, 
consider the question of core losses. We are sometimes tempted 
to pride ourselves upon the accuracy and definiteness of electrical 
engineering calculations, but in ordinary computations of the 
core losses ot induction motors and induction generators, we 
inuSw multiply the rational part of the formula by from two to 

/ n ° rder i t0 ^ he results ch - eck with observations; 

that is, we acknowledge that the part of the core loss which we 

twffor fh ke a P COunt of rationally in our formulas is in some cases 

The TneSt^h5r eS aS the P art rationall Y accounted for. 

ult 1S a very lar 2 e P r °bable error in any 

'ssrzg&zsF** ” d ^ 

One of the sources of this large discrepancy is clearlv demon 
tioTofflf ge osciHograms, Pigs. 17 and 18 f namely the pulsa- 
g d® d th 1 teet t at what ma P be called tooth frequency 

•X°2,JS , 3S o£ equivalent r 

air a a „. ' But tht w^f 1 • °P enm P combined with a short 

cause considerable g natl ° n permeance may also 

ofthe Zr ? tooth-frequency pulsations in the core back 

and Jl Ss ViSSS der slSf° r ««> 20 

more or less exciting current. ransrmSilloa llae - obviously contributes 


1912 ] 


DISCUSSION AT BOSTON 


1805 


there will be in this vicinity at the same instant a group of seven 
or eight rotor teeth each of which is nearly opposite to a sta¬ 
tor tooth, and ten slots from our starting point there will 
be a similar group of seven or eight rotor teeth each of which 
is nearly opposite to a stator slot. The first group mentioned 
constitutes a region of high gap permeance and the second group 
a region of low gap permeance. But as the variation of gap 
permeance from point to point is gradual from maximum to 
minimum, and back again, we shall have at any instant a com¬ 
plete wave or cycle of gap permeance variation for each pole. 
Had the.number of slots per pole on rotor and stator differed 
by two instead of one, there would have been two complete 
waves for each pole; and so on. 

A little consideration will show that these waves of gap per¬ 
meance variation move along the gap periphery with a velocity 
corresponding exactly to tooth frequency; that is, the wave of 
variation moves one complete wave length while the rotor is 
moving one tooth pitch, or since the wave of gap permeance vari¬ 
ation means a wave of gap flux density variation, the pulsation 
of flux density in the teeth will be at tooth frequency. But in 
the first case cited each half-wave includes 10 teeth, and the 
resulting maximum of the flux wave must penetrate back into 
the core behind the teeth to a depth depending upon the length 
of the half-wave along the periphery, which is one-half of the 
pole pitch in the assumed case. The greater the difference 
between the number of rotor and of stator slots per pole the 
greater will be the number of gap permeance waves per pole 
and the less the depth to which the resulting flux pulsations 
penetrate back of the teeth. 

It is obvious that in any case the resulting eddy currents will 
tend to damp out these pulsations, and to reduce the depths 
to which they penetrate, but that does not affect the validity 
of the above explanation. 

It is also obvious that the more nearly the slots are closed and 
the longer is the air gap, the less will be the amplitude of the 
wave of reluctance variation. 

There are thus in some cases tooth-frequency flux pulsations 
in a portion of the core back of the teeth as well as in the teeth 
themselves. 

There is also the wave loss* due to the eddy currents induced 
in the tips of the stator teeth as the edges of the rotor teeth pass 
across them. 

And finally there is the extra loss due to the breakdown of 
the insulation between the laminations. This last can be 
largely eliminated by more careful lamination, or by using less 
pressure when assembling the plates, or by both, although con¬ 
siderable pressure is desirable for mechanical reasons. 

If these phenomena could be readily subjected to reasonably 
accurate analysis, there would be five separate core loss compu- 

*See Pole Face Losses , A. I. E. E. Trans. 1909, XXVIII, Part II, p. 1133. 
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tations to make, excluding breakdown of insulation, in place 
of the one or two now employed, lint unfortunately these 
phenomena are not as vet amenable to even roughly approx¬ 
imate quantitative analysis, as a little consideration will show 
It is reasonable to expect, however, that some at least semi rational 
method will be discovered for computing these losses separately 
The speaker has been carrying on a series of experiments to this 
end and hopes later to present some useful results, althou-h 
those thus far obtained are chiefly eoiilirmatory of our previous 

conclusion, that the problem is a verv difficult and conmlicaie.l 
one. ‘ 11 

. Referring now to the question of neutralizing (lie pulsation of 
single-phase armature reaction 1 >v means of a snuinvl vnee «!*mi 
per, it is stated on page 174a lliai “ if the aggregate cross 'seel ion 
provided by the face conductors of the squirrel race euuah; the 
aggregate cross-section of the stator conductors, then (he l 
incurred in neutralizing the pulsations of the .stator current’ 

is about equal to the stator PR loss.” . 

mi 5 1S damper loss bas also been estimated at one half and one 
quarter of the above, respectively, by well known engineers. 

All of these estimates are presumably based upon the 
sumption of perfect; dumping, that is that the leakaje reaetamv 

notXhai an< ' Vijuli, ‘-'' iK ^egligjble, whirl, is 

• s Pp^. kcr . llUR n,a de '"ireful computations of this loss 

set*forth Sf -7 ' ‘'""mutation will be' 

tw?V7 ' ,lllot , hc ‘ r Uin ‘‘- bulhee it to say for the present that 
lore aie many factors entering into the compulation and ilnl 
many approximations are necessary. ’ 

Assuming perfect dumping as above and asmunm* in*. 
dSnfrl <laiSit iM tIu - dmiiper as in the armature copper "fir 
los“ Sth R th Wl al>0Ut ° qnal 70 l«‘ r "f rile armature copper 

the CiL LfS OTJSSre? .; ltul ";;r ..*"*4% 


3- topper section 

k, f will o e s< ” lu ’ w iiat. less man ;,u per cent of the 
statoi copper loss. Practically the losses will be ... , ‘. 

han indicated, by these figures*, owing chiefly to theVal-iee' V T 
actance between Arttvifuf/t ***%/i i . 4 # bukugc n 

arnutme an<i hamper conductors ;r; (be tv 
si stance is relatively a small fa, 'lor. “ 

h ; will, the remarks Of 

™,^&vs&rsxi 

due to maiSS V P 5lt tlu ‘ Vditiona! core loss 

than in synchronousrnachh^' a UKl, g «». m«!u«t.i,»i» motors 
were examined, using date ^bikbk"'?^'' “* , ,"! iu< ' Ul,n 
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found that in machines of the same peripheral speed the high- 
frequency loss was practically independent of the frequency, 
because a higher loss that might be expected from the higher 
frequencies is offset by the smaller penetration of the disturbance 
that necessarily accompanies a greater number of slots. As a 
result, it was concluded that the variations ( due to any other 
cause than the peripheral speed itself and the average flux density 
are smaller than the variation that occurs between machines 
of the same design, due to difference in the grade of iron or the 
mechanical treatment of the same. A formula was, therefore, 
evolved to determine the core loss due to high frequencv in the 
teeth, which is based on peripheral speed and magnetic density 
of the gap only. The loss is proportional to the square of the 
speed, and the square of the density and the empirical constant 
is apparently the same from the largest and highest-speed 
machines to the small or low-speed machines. 

For induction motors of ordinary design with open slots and 
standard iron, the empirical formula for core loss due to tooth 
frequency is 

loss in kw. = 0.13 /rev- per min. X flux X poles V 

length \ 10,000 / 

The core loss in the original induction generator referred to in 
the Hobart paper may seem excessive, but it is in accord with the 
general law, as expressed by the above formula, and in order to 
reduce the tooth losses to such values as might be expected in 
synchronous machines,. it was necessary to employ special 
measures. This .condition will apply, in general, to induction 
generators, and is a circumstance that may make it difficult 
for such machines to compete with synchronous generators. 
However, this is a question that will answer itself, because the 
preference for one type of machine or the other can be expressed 
in dollars cost per kilowatt. 

There is another consideration which I think is of importance, 
i.e., the one referred to by Capt. Hagood, whether the power 
companies. will favor a generator which needs lagging current 
for excitation. If it is agreed that the lagging component can 
be taken care of to advantage by synchronous condensers, a 
field is opened for other types of generators which have been 
practically forgotten, such as the Stanley double synchronous 
generator which makes it possible to operate a 25-cycle turbine 
set at 3000 rev. per min. 

Lester McKenney (by letter): It seems to me that in making 
a rule as to the largest size motor to be allowed on a system, the 
rule should be based on the capacity of the system, or that part 
of the system supplying the section in which the motor is to 
be installed, rather than upon the capacity of the largest mill 
in that section, for the reason that a rule based on such a method 
would be more general in its application. As a result of the rule 
based upon the capacity of the largest mill, we see that if the 
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load on the system were made up of a great number of 
small mills, the largest motor would be of comparatively small 
size, and all out of proportion to the capacity of the system and 
its ability to furnish motor starting currents. 

The number of motors of the maximum size allowable also 
deserves special consideration. The idea here is not so much 
to protect the consumer having a motor of the maximum size 
against voltage disturbances, when his motors are started, as 
to protect the rest of the consumers against such starting. 

It is to be regretted that no charts were taken showing the 
\ oltage disturbances at the mills and at the centers of distribu¬ 
tion, during the investigation, as such records would have given 
much valuable information on one of the principal points men¬ 
tioned in the paper. 

It hardly seems possible that poor voltage regulation would 

be tolerated, even on a large transmission system dealing in 

wholesale power, if it were not for the large expenditure required 

tor its elimination. A considerable part of the cost of our equip- 

ment is due to the demand for good voltage regulation? It 

therefore seems desirable that we take advantage of everything 

onoTtri r ® S H ltl eve * t0 limiting the sizes of motors permitted 

bv too StT^° n fi SySt r m !l pr0 r- dmg the result is not obtained 
a sacrifice of other things. 

planf Ch ^ TtS FigS ‘ 1 and 2 > wil1 be noted in 

plant Ao. 3 the motors are overloaded, while in plant No 8 

undedoaded ? and that the ratio of the starting current 

at the tiTe^oTthk ^ basedontheactuall oad which obtained 
both plants Th* cfo f . aS1S, tbe ratl ° was nearly the same in 
^ starting currents are independent of the lonrl 

gSSFHSSSSVS 

On this basis, the maximum starting current in t\t^ o 

of comparison as it shows; a mos t reasonable basis 

to the Lpadty Of thtmotoi ^ ° f ^ Startin S Currents 

with c'o^ensatSs S? be^uSt'd 7 ° f sc l uirrel -cage motors, 

starting of wound-rotormotor^Tnd f S gTeat an extent as the 

caused thereby. 1 and l 115 * as & reat drafts of current 

Which paper 

starting currents of wo^d Stor motor^ faCt ° r of the 

cause less voltage disturbance 2 ti, T’ -° r equal valu es, 
squirrel-cage motors. The wound startin £ currents of 

most to be desired wdiere dosf T m ? tor is > therefore, 

tant feature. 1 e volta - e regulation is an impor- 
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H. M. Hobart: Capt. Hagood first spoke of the synchronous 
condenser, and it would seem that if it should become customary 
to use a synchronous condenser to control the power factor of 
s y ster ns the field for the induction generator would 

Xi?fnr • tl ? le . be sll gktly widened. I do not feel that the 
eld for the induction generator in any case is going to be very 
extensive, but it certainly has several very important charac¬ 
teristics to which Mr. Knowlton and I have called attention 
faults' w? 6 r'' ■7'[ e haVe en ^ ea vored also to call attention to its 
be un(ferstood ltatl0nS S ° that b ° tb SldeS ° f tbe question could 

• T he f e are certainl y man y cases where it would be of commer- 
ciai advantage to have a considerable proportion of the plant 
consist of induction generators. Consequently, from the stand¬ 
point of being in a position to realize these commercial advan- 
ls , to be h °ped that Captain Hagood’s views as to the 
rapid introduction of the synchronous condenser will be realized 

it seems to me his argument is very sound, that they should be 

widely used. Professor Adams spoke of many interesting attri- 

th ® 6ffeCt of employing either full pitch or 
i actional pitch. These were very interesting and it certainly is un 
to designers to keep this matter carefully in mind in such work. 
As to the loss m squirrel-cage windings it looks as if Professor 
Adams is correct, and that we have overestimated the PR loss 
needed m the squirrel-cage winding to effect a certain degree 
o compensation. On the other hand I believe we have under¬ 
estimated the parasitic iron loss which will still remain on our 
hands due to incomplete compensation of the pulsations of 
magnetomotive force. I should personally be of the opinion that 

^i et -f + sdt r 2 n^ ld b ® substantially the same except that we 
ascribe it to PR loss where it is partly PR loss and partly hys¬ 
teresis and eddy losses in the iron. Mr. Alexanderson spoke 
ot the greater losses which he considered to be inherent 
m the induction type of machine. I personally feel that 
, exce ? s los fs a J e nearly if not entirely attributable to 
the American plan of employing form-wound coils, and the con¬ 
sequent necessity of wide-open slots. Of course it is a great 
commercial advantage to have form-wound coils, but if you were 
to test European motors with nearly closed slots on both stator and 
rotor, the losses would be found to be down to the values obtained 
on other types of electric machines. It is of more importance 
in induction machines to have closed slots because of the neces¬ 
sity of employing a very small air gap. It is also interesting to 
eep m mind the point that Mr. Alexanderson made that the re¬ 
cent revival of interest in induction generators carries our at- 
tention back to various less simple types of induction generators 

Ibl V6 A^ een brou S ht , °ut from time to time. And I am aware 
that Mr. Alexanderson has given a great deal of attention to some 
of these types and finds that they possess qualities which will 
piobably be of commercial value in the future. 
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E. Knowlton (by letter): On page 1712 mention is made of 
the method ol ventilation tor a high-speed induction generator. 
The _ statement regarding the less amount ol' cooling surface 
required with axial ventilation should not. be construed as mean¬ 
ing that this feature can be entirely neglected. The amount; of 
surface can be considerably reduced because of the lower tem¬ 
perature drop through the iron when I lie heat is 1 ransmit Ied along 
the plane of the laminations instead of Inmsverselv thereto, but 
one should^ not lose sight of the fact t hat. the tempera fare drop 
at_the surface should be taken into account., as it, is, even with 
axial ventilation, an appreciable part of the total drop. When 
the air passes through any machine in parallel paths the resis¬ 
tance of the paths should hear some relation to the heat to be 
absoibed by the air in the path, because (it other considerations 
it is usually dilheult, to predetermine the paths accurately, but 
a careful test of a machine will generally suggest means’of im¬ 
provement. With some designs the inherent eharaeteristies arc 
such that, the greater amount of air will be supplied to the holler 
parts where it, is needed, but; in others special construction must, 
be used to accomplish this result. 

W. L. Waters (by letter): The paper of Messrs. Hobart and 
Knowlton is a very useful presentation of the status of Hie in- 
duetion generator to dale. _ As has been frequently pointed out 
in the past, the main Held lor this type of generator at the pres¬ 
ent time is in large city power systems operating synchronous 
machinery of in water- power systems consisting of a number 
of comparatively small isolated stations. 

I he authors describe the lirst really import,'tut installation 
of the induction generator on a large scale, and the tests made are 
both interesting and instructive. The suggestion that this type 
ol generator is suitable for single-phase work is, I think, a some¬ 
what radical one. It, is essentially a generator for high power 
taetor or leading power factor loads, while a single-phase load 
w usually a railway one of low power factor. The 'low ellieiettey 
ot the single-phase generator is due almost, entirely to the low 
output for given dimensions and weight, compared'to the three- 
phase rating. The total losses are approximately the same for 
both single-and three phase, so that the slight reduction in the 
eddy current loss in the damping circuit of tin* rotor claimed for 
the induction generator would have little effect, upon the elli- 
eieney. 


I fully expect that, the induction generator will have an im¬ 
portant, future in power station work as soon as operating engi¬ 
neers realize fully its advantages, and the demand increases so 
that manufacturers can standardize them like synchronous units, 
I think Messrs. Hobart, and Knowlton ’s paper will help great I v 
m again bringing this type of generator before the public anil 
m familiarizing it. with its characteristics. 


A paper Presented at the 29th Annual Con¬ 
vention of the American Institute of Electrical 
Engineers, Boston, Mass., June 28, 1912. 


Copyright, 1912. By A. I. E. E. 


DEVELOPMENT OF A SUCCESSFUL DIRECT-CURRENT 
2000-KW. UNIPOLAR GENERATOR 


BY B. G. LAMME 


his paper is not intended to be a theoretical discussion of 
the principles of unipolar machines; neither is it a purely descrip- 
tive article. It is rather a record of engineering experiences 
obtained, and difficulties overcome, in the practical development 
ot a large machine of the unipolar type. For those who are in¬ 
terested m the design and development of electrical machinery 
there may be many points of very considerable interest in this 
reconi Some of the conditions of operation, with their attend¬ 
ant difficulties, proved to be so. unusual that it is believed that 
a straightforward story of these troubles, and the methods for 
correcting them, will be of some value as a published record. 

Two theoretical questions of unipolar design have come up 
frequently: (1) whether the magnetic flux rotates or travels 
with respect to the rotor or the stator; and (2) whether it is 
possi e to generate e.m.fs. in two or more conductors in series 
m such a way that they can be combined in one direction, with¬ 
out the aid of a corresponding number of pairs of collector rings, 
to give higher e.m.fs. than a single conductor. 

To the first question the answer may be made that in the 
machme m question, it makes no difference whether the flux 
rotates or is stationary; the result is the same on either assump¬ 
tion. To the second it may be said that when the theory of inter¬ 
linkages. of the electric and magnetic circuits is properly con¬ 
sidered, it is obvious that the resultant e.m.f. is equivalent to that 
of one effective conductor, and therefore it is not practicable 
to obtain higher e.m.fs. than represented by one conductor, 
without the use of collector rings or some equivalent device. It 
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has been proposed in the past, by means of certain arrangements 
of liquid conductors in insulating tubes, to add the e.m.fs. of 
several conductors in series, but such a scheme does not appear 
to be a practical device. Therefore, the theoretical considera¬ 
tions being largely eliminated, the author confines himself to 
the practical side only. 

In 1896 the writer designed a small unipolar generator of 
approximately three volts and 6000 amperes capacity at a 
speed of 1500 rev. per min. This machine was built for meter test¬ 
ing and the occasion for its design lay in the continued trouble 
encountered with former machines of the commutator type 
designed for very heavy currents at low voltages. 

The general construction of this early machine is shown in 
Fig. 1. The rotating part of this machine consisted of a brass 
casting of cylindrical shape, with a central web, very similar 
to a cast metal pulley. The two 
outer edges of this pulley or ring 
served as collector rings for col¬ 
lecting the current as indicated 
in the figure, while the body of the 
same ring served as the single 
conductor. The object of this 
construction of rotor was to obtain 
a form which could be very quickly 
renewed in case of rapid wear, as 
this arrangement would allow a 
small casting to be made and simply turned up to form a new 
rotor. However, this renewal feature has not been of very 
great importance, for the rotor of the first machine was replaced 
only after 12 years’ service. This period of course did not 
represent continuous service, for this particular machine was 
used for meter testing purposes or where large currents were 
required only occasionally. 

A number of peculiar conditions were found in this machine. 
In the initial design the leads for carrying the current away 
from the brushes were purposely carried part way around the 
shaft in order to obtain the effect of a series winding by means 
of the leads themselves. In practise, they were found to act in 
this manner and, in fact, they over-compounded the machine 
possibly 30 to 40 per cent. In consequence, it was necessary 
to shunt them by means of copper shunts around the shaft in 
the opposite direction. 
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Shortly after this machine was put in operation there was con- 
siderable cutting of the brushes and rings, especially at very 
heavy currents. It was found that block graphite, used as a 
lubricant, gave satisfactory results. This machine was operated 
up to 10,000 to 12,000 amperes for short periods. 

The description of the above machine has been gone into rather 
fully, as it was a forerunner of the 2000-kw. machine which will 
be described in the following pages. The general principle of 
construction and the general arrangement of the two parts, or 
paths, of the magnetic circuit are practically the same in the two 
machines, as will be shown. 

In 1904, due to the rapidly increasing use of steam turbines, 
the question of building a turbo-generator of the unipolar type 
was brought up, and an investigation was made by the writer 
to determine the possibilities. This study indicated that a 
commercial machine for direct connection to a steam turbine 
could be constructed, provided a very high peripheral spsed was 
allowable at the collector rings or current-collecting surfaces. It 
appeared that the velocity at such collector surfaces would have 
to be at least 200 to 250 feet per second, in order to keep the 
machine down to permissible proportions of the ma gnetic 
circuit, and to allow a reasonably high turbine speed. Con¬ 
trary to the usual idea, the very high speeds obtainable with 
steam turbines are not advantageous for unipolar machines. 
For example, while maintaining a given peripheral speed at the 
current collecting surface, if the revolutions per minute of the 
rotor are doubled, then the diameter of the rotor collecting 
rings is halved, and the diameter of the magnetic core surrounded 
by the collector rings is more than halved, and the effective 
section of core is reduced to less than one-fourth. The e.m.f. 
generated per ring or conductor, therefore, on the basis of flux 
alone, would be redkced to less than one-fourth, but allowing 
for the doubled revolutions per minute, it becomes practically 
one-half. 

. On the other hand, if the revolutions are reduced, while the 
speed of the collector ring is kept constant, then the e.m.f. 
per ring can be increased, as the cross-section of the magnetic 
circuit increases rapidly with reduction in the number of revo¬ 
lutions. But at a materially reduced speed, the total material 
in the magnetic circuit becomes unduly heavy. In consequence, 
if the speed is reduced too much, then the machine becomes too 
large and expensive, while with too great an increase in speed, 
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the e.m.f. per ring becomes low or the peripheral speed of the 
rings must be very high. It is desirable to keep the number 
of collector rings as small as possible, for each pair of rings handles 
the full current of the machine, and therefore any increase 
in the number of rings means that the full current must be col¬ 
lected a correspondingly large number of times. Therefore, 
it works out that the range of speeds, within which the unipolar 
machine becomes commercially practicable, is rather narrow. 

In 1906, an order was taken for a 2000-kw., 1200-rev. per min., 
260-volt, 7700-ampere unipolar generator to be installed in a 
Portland cement works near Easton, Pa. The fact that it is 
a cement works should be emphasized, as having a considerable 
bearing on the history of the operation of this machine, as will 
be shown later. 



Fig. 2 


his 2000-kw. machine does not represent any theoretically 
TT f f tUre i S, J bemg Similar in ty pe to the smaller machine 
STT ,’ , bUt modified somewhat in arrangement to 

T, USe a T ge number 0f Current P aths and collector 

in Fig 9 6 general construc tion of this machine is indicated 

thJiTT- 70 ^ and the r ° t0r b ° dy are made of solid steel, 
the stator being cast, while the rotor is a forging. There are 

eight collector rings at each end of the rotor, the correspondine 

rings of the two ends being connected together by solid round 

T dUrt0rS ~ W or Is c“ 

emfnfi, n f Conductor is generated a normal 

t^t'ottivoLgel; So. wlth aU the rings ™ d 

The stator core, at what might be called the pole face, is built 
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up of laminated iron, forming a ring around the rotor. This 
was laminated in order to furnish an easy method for obtaining 
the stator slots in which lie the conductors which connect to¬ 
gether the brushes or brush holders for throwing the pairs of 
rings in series. The slots in the stator laminations were made 
open, as indicated in Fig. 3, in order readily to insert the stator 
conductors. There are 16 slots in this ring, and in each slot 
there is placed one large solid conductor. 


As first assembled, non-metallic w-edges were used to close 
these slots, but later these were changed to cast iron, for reasons 
which will be explained later. 

The rotor core consists of one large forging, as indicated in 
Fig. 2. Lengthwise of this rotor are 12 holes for ventilating 




purposes, originally 2f in. in diameter. Each of these holes is con¬ 
nected to the external surface by means of nine lf-in. radial 
holes at each end of the rotor, these holes corresponding to mid¬ 
positions between the collector rings. It was intended to take 
air in at each end of the rotor and feed it out between the collec¬ 
tor rings for cooling. In addition, as originally constructed, 
there was a large enclosed fan at each end, as indicated in Fig, 4. 
These fans took air in along the shaft and directed it over 
the collector rings parallel to the shaft. The object of this was 
to furnish an extra amount of air for cooling the surfaces of the 
rings, and the brushes and brush holders, as it was estimated 
that the brushes and brush holders themselves could conduct 
away a considerable amount of heat from the rings by direct 











1810 


LAM ME: UNIPOLAR GENERATOR 


[June 28 


contact, and that the cooling air from the fans, circulating among 
the brush holders, would carry away this heat. These fans 
were removed during the preliminary tests, for reasons which will 
be given later. 

The rotor collector rings consisted of eight large rings at each 
end, insulated from the core by sheet mica, and from each other 
by air spaces between them. Each ring has 48 holes parallel 
to the shaft. These holes are of slightly larger diameter than 



Fig. 5 


the rotor conductors outside their insulation. Six holes in 
each ring were threaded to contain the ends of six of the conduc¬ 
tors which were joined to each ring. The six conductors con¬ 
nected to each ring were spaced symmetrically around the core. 
Fig. 5 shows this construction. 


The rotor conductors, 48 in number, consist of one-in. copper 
rods, outside of which is placed an insulating tube of hard ma¬ 
terial.^ Each conductor, in fact, consists of two lengths arranged 
for joining m the middle. The outer end of each conductor 
is upset to give a diameter 


larger than the insulating tubes, 
and a thread is cut on this ex¬ 
panded part. After the rings 
were installed on the core, the 
rods were inserted through the 
holes to the threaded part of a 
ring and were then screwed 
home. 



Pig. 6 


in' ^ ° f the r ° t0r C ° re ’ a groove is cut as shown 

project ThetV *5® two ' halves of each conductor 

^ \ ’ hes two ends are then connected together by straD 

conductors m such a way as to gins flexibility in case „i expa? 

Soto m K g ” ^ leai!thWiSe ' ™ S *"”*“»* is also 

arrangement there is no possibility whatever of 
n uc ors turning after once being connected. There is 
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a series of holes from the axial holes through the shaft to this 
central groove, for the purpose of allowing some ventilating air 
to flow over the central connections. 

As originally constructed, the conductors passed through com¬ 
pletely enclosed holes near the surface of the rotor core, as in¬ 
dicated in Fig. 7. This construction was afterwards modified 
to a certain extent. The face of the rotor at this point was also 
solid, as originally constructed. This was afterwards changed, 
as will be described later. 

The collector rings, as originally constructed, consisted of a 
base ring with a wearing ring on the outside, as shown in Fig. 8. 
Both rings were made of a special bronze, with high elastic 
limit and ultimate strength. On the preliminary tests these 
rings showed certain difficulties and required very considerable 
modifications, and several different designs were developed 
during the preliminary operation. 



Fig. 9 



Fig. 8 


. Tlle ei S ht sets of brush holders at each end are carried by 
eight copper supporting ring's. These supporting rings are 
insulated from the frame of the machine but are connected in 
series by means of the conductors through the stator slots. 
There are 16 brush holder studs per ring and two brush holders 
per stud, each capable of taking a copper leaf brush f in. thick 
by If in. wide. These brush holders are spaced practically 
uniformly around the supporting rings. The supporting copper 
rings are continuous or complete circles, so that the currents 
collected from the brushes are carried in both directions 
around the ring. There are two conductors carried from each 
ring through the stator slots to a ring on the opposite side of the 
machine, in order to connect the various brush holders in series. 
The arrangement is illustrated in Fig. 9. 

The above description represents the machine as originally 
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constructed and put on shop tost. Prom this point, on, the 
real story begins. Various unexpected troubles developed, each 
of which required some minor modification in t he construct ion of 
the machine, and moreover, these troubles occurred in series 
that is, each trouble required a certain length of time to de¬ 
velop, and each one was serious enough to require an immediate 
modification in the machine, in consequence, tie* machine 
would be operated until a certain diflieiilty would develop; that 
is, that trouble would appear which took the least time to de¬ 
velop. After it was remedied, a continuation of the test would 
show a second trouble which required a remedy, and so on 
Some of these troubles wore of a more or less startling nature' 
This machine, alter being assembled according to if;; oriental 
design, was operated over a period of several weeks, in the test in'> 
room of the manufacturing company It was operated both 
at no-load and at full-load current, and a careful study was 

made of all the phenomena which were in evidence duriu- 

these tests. - *“* 

The machine was first run at, no load without held chaive 
to note the ventilation, balance, and general running conditions 
of the machine. The ventilation seemed to be extremely rood 
especially that due to the fans on the ends of the shaft, ’’The* 
noise, however, was excessive so much so t hat anyone working 

around the machine had to k.,,.p hk „ lrs .. A , ' 

was difficult to locah- the ,-xak ,„„r,v „r „,i s .. g v . ' 

Umt u ” ™" rii,,s . . .. ..a™!;;.. 

On taking the saturation cum, of II,,. ,„,,„hi,„., i, 

KKi ? h . .. .•ha-„:b i„ 

• Ihc leason for tins sluggishness is obvious from the 
onstruetion of the machine, each magnetic circuit „f |j„. ml(H . 

v 10 Sum)un(h><i ] >y «>b'hl continuous collect,,,- Hugs of 

y h f vy sectlon > and «feo by <-ight, bntsh holder supporting 
rmgs of copper of very low resistance. These rings r K 

very See ivO „ "“' ,ly U, “ 1 «<* « rillK wo„],l 1,„ 

very effective m damping any sudden flux chances This «t, 
gjshness of the machine to changes in /hix ,u,L‘ >: ‘ 

an entirely unexpected result. ** ’ ’ ’ Wa:! not 

The saturation curve showed that the machine could be carried 
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considerably higher in voltage than originally contemplated, for 
apparently the magnetic properties of the heavy steel parts 
were very good, and it was possible to force the inductions in 
these parts to much higher density than was considered prac¬ 
ticable in working out the design. This gave considerable lee¬ 
way for changes which later were found to be necessary. 

In taking the saturation curve, the power for driving the 
machine was measured and it was found that there were prac¬ 
tically no iron losses in the machine; that is, at full voltage 
at no-load the total measured losses were practically the same 
as without field charge. This apparently eliminated one pos¬ 
sible source of loss which was anticipated, namely, that due to 
the large open slots in the stator pole face, these slots being very 
wide compared with the clearance between the stator and rotor. 

After completion of this test the machine was then run on 
short circuit. Apparently, as there was no iron loss shown in 
the no-load full voltage condition, the short-circuit test with full¬ 
load current should cover all the losses in the rotor which would 
be found with full-load current at full voltage. Experience 
afterward proved this assumption to be correct, for in its final 
form the machine would operate under practically the same 
condition as regards temperature, etc., at full voltage as it would 
show at short circuit, carrying the same current, the principal 
difference being the temperature of the field coil. 

It was in this short-circuit temperature run that the real 
troubles with the machine began. The measured losses, when 
running on short circuit, were somewhat higher than indicated 
by the resistance between terminals times the square of the 
current. These extra losses were a function of the load and 
increased more rapidly with heavy currents. The measured 
power indicated that these excess losses were principally due to 
eddy currents. However, the total losses indicated in these 
preliminary tests, although somewhat higher than calculated, 
were still within allowable limits, as considerable margin had been 
allowed in the original proportions to take care of a certain 
amount of loss. It was therefore considered satisfactory to go 
ahead with the short-circuit tests, and in making these it was 
the intention to operate long enough to determine the neces¬ 
sary running conditions as regards lubrication, heating, etc. 

As mentioned before, the original collector rings’of the machine 
each consisted of a base ring upon which was mounted a second¬ 
ary or wearing ring, it being the intention to have this latter 
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ring replaceable after it was down to the lowest permissible 
thickness, as it would be rather expensive and difficult to replace 
the base ring which carried the rotor conductors. As the inner 
ring was shrunk on the core and the outer ring was shrunk on 
over the base ring, with a very small shrinkage allowance, it 
was considered that the outer ring was in no danger of loosening 
on the inner ring, especially as both rings, being of bronze, and 
in good contact, should heat each other at about the same rate. 


This assumption, however, was wrong. The machine was put 
on snort-circuit load of about 8000 amperes early one evening 
and an experienced engineer was left in charge of it until about 
midnight, b p to that time the machine was working perfectlv, 
with no undue heating in the rings and no brush trouble, although’ 
v aseline lubrication was used. About midnight the engineer 
left the machine in charge of a night operator, and at about three 
o’clock in the morning this operator saw the brushes beginning 
to spark and this very rapidly grew worse, so that in a very few 
minutes he found it necessary to shut 


the machine down. An examination 
then showed that several of the outer 
rings had shifted sideways on the base 
ring, as indicated in Fig. 10. One of 
these rings had even moved into contact 
with a neighboring ring so as to make 
a dead short circuit on the machine. It 



Fig. 10 


u as also noted that all the rings which loosened were on one side 
of the machine, and that the surfaces of the rings exposed to 
the brushes were very badly blistered. The brushes also were 
m bad shape, indicating that there had been excessive burning 
for a short time. An investigation of the loose rings showed 
that they had loosened on their seats on the inner or base rings. 
Im estigation then showed that a temperature rise of 70 to 80 
deg. cent., combined with the high centrifugal stresses, would 

th “ ngS * Tl 6n V6ry materiall y- w ^s then assumed 
that as the ring, had heated up, bad contact had resulted be- 

SdSona! W and T 1 f SS ^ thiS ’ “ tUrn ’ had caused 

addmona! heating, so that the temperature rose rather suddenly 
after bad contact once formed. It developed later that tffis 

itw^H ^ th u tme CaUSS ° f the trouble ’ but at th e time 
use of T , that the reme dy for the trouble was in the 

It LTS ^ ;T ld bS ShrUnk ° n With a neater tension 
en ecided to try steel outer rings instead of bronze 
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on the end where the bronze rings had loosened. However, upon 
loading the machine, after applying the steel rings, a new diffi¬ 
culty was encountered. It was found that the loss was very 
greatly increased over that with the bronze rings. This loss 
was so excessive as to be prohibitive, as far as efficiency was 
concerned, and also the tests showed excessive heating of the 
rings and of the machine as a whole. Also, there were continual 
small sparks from the tips of the brushes, these sparks being 
from the iron itself, as indicated by their color and appearance. 
However, during the time these rings were operated there did 
not seem to be any undue wear of either the brushes or the rings, 
but obviously there was continued burning, as indicated by the 
sparks. With these steel rings it was found to be impossible 
to operate continuously at a current of 8000 amperes, due to 
the heating of the steel rings in particular and evervthing in 
general. At a load of 6000 amperes the loss was materially re¬ 
duced and it was possible to operate continuously, but with verv 
high temperatures. The tests showed that 
with the steel rings, at full rated current, the 
loss was approximately 200 kw. greater than 
with the bronze rings, or about 10 per cent 
of the output. With both ends equipped 
with steel rings, this would have been prac¬ 
tically doubled. 

While this was recognized as an entirely 
unsatisfactory operating condition, yet it allowed the ma chine to 
be run for a long enough period to determine a number of other 
defects which did not develop in the former test. One of these 
defects was an undue heating of the rotor pole face. This was 
obviously not due directly to bunching of the flux in the air gap 
on account of the open stator slots, for this heating did not appear 
when running with normal voltage without load. Further investi¬ 
gation showed that this was apparently due to some flux dis¬ 
torting effect of the stationary conductors in the stator slots, 
which carried about 4000 amperes each at rated load. On 
account of ample margin in the magnetizing coils the air gap 
was then materially increased, -with some benefit. A further 
improvement resulted in the use of magnetic wedges, made of 
cast iron, in place of the non-magnetic wedges used before. 
These wedges are illustrated in Fig. 11. This produced a further 
beneficial effect, but there was still some extra heating in the 
pole face. Cylindrical grooves alternating § in. and 1 in. deep 
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and about J in. wide, with a ’-in. web of steel between, were 
then turned in the pole face. The resultant pole face was’t here- 
tore crudely laminated, as shown in Fig. 12. Also, on account 
of an apparent local heating of the metal bridge over the rotor 
slots, a narrow groove was cut in the closed bridge above each 
rotor slot, thus changing it to a partially oj .en slot, as six m n in 'the 
heure. This^ effectively eliminated the excess loss in the rotor 
pole face. This, however, led to another unexpected difficult v 
which will be described later. " ’ 

. Afu ‘ r this ,rouhk ' was cured, the short .circuit test, was con¬ 
tinued with a current of about 0000 amperes. After a con¬ 
siderable period of operation, a very serious difficultv in the 
operation of the machine began to slum up, namely^ trouble 
with lubrication, At. first the lubrication was vaseline fed on 
U l t!u ‘ nn - 5 ’t'brieatinp pads. This was apparently very 
oueelms tor awhile, but eventually it was noted that' shVht, 
sparking begun, which, in some ease 
rapidly, and in a comparatively 
short time became so bad that. 

I he* rings or brushes would he. * j 
come badly scored or blistered. I 

hx,limitation oi the sparkine ! 

brushes showed a coating of black ‘ 

“ smudge ” over t he surface which 
seemed to have more or less in¬ 
sulating qualities. A series of I 

■ ”*'»* llldt WJKTJ- 

‘ \V S,)ark,n « Ul <‘ '■"'d.aet drop between a brush and the 

coneefor ring was fairly high and this drop inereas.d us the spark- 
mg tiu.K ,t.,(.d, I oi instance, it was lound t hat, on good, clean 
surfaces, the voltage drop between the brushes and the ring 
: ni « hl h,! °* 8 . f , ( * »•* volt. As each brush carried about, m 
.impc.es fit lull load, this represented 75 to 125 watts per 
l"iwh. When tins eontarf- resist.;utee rose to about, one volt 
noticeable sparking Would begin, the waits being, of course 
proportionally higher, and when the eontaet drop became as high’ 
as two volts, representing about. 500 watts per brush, very bad 
buttling of the brushes and rings was liable to occur A series 
«» tests then showed that vaseline, or any other lubricating oil, 
would tend to form a, coaling over the brush eontaet. and thw 
coating would gradually burn, or be acted upon otherwise by 
die eunent so that its resistance increased and the black 
smudge was formed which had more or less insulating qualities 


ii 


I'm. 12 


St.s then showed that when- 
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A great number of tests was then carried out with various 
kinds of lubricants and it was found that anything of an oil 
or grease nature was troublesome sooner or later, as the smudge 
<* was foraged on the brush contact. Then graphite, formed into 
cakes or brushes by means of high pressure, was tried on the rings 
and the results were very favorable compared w T ith anything 
used before. In fact, the tests indicated that soft graphite 
blocks or brushes could furnish proper lubrication for the rings. 
The graphite is a conducting material, and a coating of it on 
the brush contact does not materially increase the resistance 
of the contact. This was supposed to have practically settled 
the. question of lubrication and brush contact trouble, but ex¬ 
perience later gave an entirely new turn to this matter. 

While these tests were being carried on, a study of the ventila¬ 
tion of the machine was being made. The tests indicated thab 
the end rings, that is, those next to the exciting coils, were con¬ 
siderably cooler than those near the center of the machine. 
However, as there were excessive losses and heating in the steel 
rings themselves, it was not possible to make any material im¬ 
provement until the rings were changed. 

The steel rings at one end of the rotor, and the bronze rings 
at the other end, were then removed and a second set of bronze 
rings was tried. These rings were specially treated in the manu¬ 
facture so that the elastic limit was very high, and they were 
put on much tighter than in the former case. The load tests 
were then continued and the excess losses were again measured 
at various loads. It was found that the losses were very small 
compared with those of the steel rings, thus verifying the former 
results. The temperatures of the rings were much lower than 
with the steel, but it was found that the heating of the rings was 
unequal. It was finally determined that this unequal heating was 
due to the large external blowers which were driving the air over 
the rings in such a way as to heat those next to the center of the 
fotor to a much higher temperature than those at the outer 
ends. It was assumed at first that the air entering the axial 
holes through the core and blowing out between the rings as 
shown in Fig. 1, was more effective on the outer rings, and that 
this possibly caused the difference in temperatures. However, 
the radial holes at the outer ends were closed, and this made 
•but little difference. The axial holes were then closed, and 
while the temperatures of the rings, as a whole, were increased, 
about the same difference as before was found between the end 
rings and the center ones. 
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It was then decided to remove the two large blowers to <^ e " 
tenmne whether some other method of ventilation would t> 
more effeetave. When this change was made, the windage o 
he machine was greatly reduced and there was greater eirtai- . 
formity m the temperatures, and the average temperature of 
T nngswas only about 10 deg. higher than with the fans. More- 
over, e windage loss was only about one-seventh as great *as 
before, although the ayerage temperature rise „ 
lgher, which indicated that the ventilation through the rotor 
holes was much more effective than that due to the blowers - 
n consepuence it was decided to increase the size of the axial 

to “Vehmf tf- ^ tOT C ° re fr ° m 21 t0 31 in ‘ diam eter, and 
to o-ivp o f h them at their openings at the ends, in order 

it was found^th “ t0 ^ b ° leS ' When this was 

n aZ of tL * rt^Peratures of the rings were lower than 

uniform^ md moreover > the y ^ere fairly 

uniform. Also, after the removal of the blowers, the objection¬ 
's lar£dy eliminated > so that if 

was not disagreeable tp work around the machine. The ophite 
C0 ” Wd with the ^ 

operated for “““ ed ’ a " h ° Ugh the "“<=«“ was 

amperes ? C0,,sld,!rable « approximately 8000 

On the basis of these tests, the machine was shipped to its 

dSStieT fr “ SerViCe ’ Then the real Acuities began_ 

difficulties which were not encountered in the shop tests nrinci- 

paly because the conditions uude, which the machine operated 

in service were radically different from those at the shop and 

t£ !mach' Se ^ Sh ° P t6St had n0t b6en COnWd eSugh. 

This machine was operated in service, although not regularly 

ab ° Ut tW ° m ° nths ’ bdn " shut d ™n a * times due 
to difficultes outsxde of the generating unit itself. However- 

this period of operation of the generator was suddenly ended 
by the stretching of one of the outer collector rings whS 

inSTritf Tbif" “ Tf that h CeaSed to rotate & with the 
factmer ^ ° f the r ° tor to the manu- 

vaffifanrinT^ 8 ’ ° Perati ° n gaVe data of great Practical 

eliminated • COnsequence ’ a number of minor difficulties were 
eliminated in the repaired rotor. 

coScter‘STT o£ ! h " otOT to «» ahop, an examination of the 
collector rings showed that the separate shrunh-on type of rin J 


0> 
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was not practicable with any design of ring then at hand. There¬ 
fore, it was decided to make the collector rings in one solid piece 
wnth a very considerable wearing depth. This necessitated 
the removal of all the base rings and, in fact, it required a com¬ 
plete dismantling of the entire rotor winding. As the outer ring 
had loosened, there was a possibility of the base rings loosening 
in the same way, and therefore it was considered necessary to 
apply some scheme for preventing this loosening in case of sudden 
heating and expansion of any of the collector rings. It was then 
decided to apply some form of spring support underneath these 
rings, which could follow up any expansion in such a way as to 
keep the rings tight under any temperature conditions liable to 
be met with in practise. The spring support used consisted of 
a number of flat steel plates arranged around the rotor core, as 
indicated in Fig. 13. These plates were of such length and stiff¬ 
ness that a very high pressure was required to bend them down to 

conform with the rotor surface. 
These plates were arranged 
around the rotor core and drawn 
down with clamp rings until 
they fitted tightly against the 
mica. The collector ring was 
highly heated and slipped over 
the springs, the clamps being 
Fig. 13 removed as the ring was slipped 

on. Tests were made to find' 
at what temperature such a ring would loosen. While the best 
arrangement without springs would loosen at about 100 to 125 
deg. cent., it was found that a ring supported in the above 
manner was still fairly tight at 180 deg. cent., which was far 
above any temperature which the machine would attain under 
any condition. It may be said here that, after several years’ 
operation, this construction still appears to be first-class, and 
no loosening of any sort has occurred. 

In removing the winding from the rotor, it was discovered 
that the insulating tubes over the rotor conductors had traveled 
back and forth along the rods a certain amount. This travel, 
if continued for a long enough period, would apparently have 
injured the insulation, although no trouble had yet developed. 
Apparently, during heating and cooling, the expansion and con¬ 
traction of the rods would carry the tubes with them lengthwise 
a very small amount. The tubes would then seat themselves in 
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,. • nr pnre and would not return to their original 

^Vons It\vas found that in the slotted pole face already 

described the webs or laminations of metal overhanging the 
descnoea, b hen the rod was traveling m 

allow the tube to move 
one directioi, trave led in the other direction, so that 

slightly when j slow ratchet action taking place, 

rr— ™t have the tubes ht ra^er trghtl, 

rh“Lr fi rri“rin the ^ * 

tb nave me i „ 0 . ummy » material on the inner 

peared tha s .^ ating tubes was harmful, for wherever shellac 

was & present the insulating tube always stuck to the rod and 
iHLr at either side of such place. In consequence, the 
new set oTtubes was made with a dry, hard finish on both the 
r S ide and the inside, and the inside surface was also paraf- 




Fig. 14 

fined- This, when carried out properly, served to remedy this 

reconstructed rotor, with the solid collector rings was 
shipped to the customer and the service was continued. After 
operation for a considerable time, certain extremely serious Af¬ 
finities appeared. One of these was brush trouble, and another 

discouraging one. The machine 

was located in an engine room ad 3 acent to a ro^-c^^^ ld 
ing Fine dust was always floating around the machine and 
thfs dust, continuously passing through themachme, tended to 
form a deposit immediately behind the brushes, as shown m Tig. 
14 This dust packed in rather solidly behind ^ehrushdueto 
It high speed of the rings, and eventually it tended to U t th 
brushes away from the rings. It also showed a 
under the brush contact, with consequent increased resistance 
of contact. Frequent removal and cleaning of the brus es was 
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impracticable, as they were not sufficiently accessible to do 
this readily. This rock dust, packed behind the brushes, 
also had a scouring or grinding action on the rings themselves. 
Accompanying this was an undue rate of wear of the rir gs. This, 
however, was not entirely mechanical wear, as it appeared also 
to be dependent upon the current carried and was, to some ex¬ 
tent, due to a burning action under the brush which tended to 
eat away the surface of the rings. However, while the undue 
wear was not altogether due to dust back of the brushes, 
this accumulation of dust appeared to have a very harmful 
action on the machine. Various methods were considered for 
overcoming this collection of dust, one of which consisted of 
enclosed a : r inlets to the machine, fitted with screens for sifting 
out the dust. This lessened the trouble to some extent, but 
it was evident that it would not cure it entirely, as the entire 
machine was so located that dust could come in around the brush 
holders without going through the ventilating channels. 

The method finally adopted for overcoming the difficulty of 
accumulation of dirt was rather startling. It was casually sug¬ 
gested that the copper leaf brushes be turned around so that 
the rings would run against the brushes , so that the dirt or dust 
over the rings would be “ skimmed off ” by the forward edge of 
the brushes. This obviously would prevent the collection of 
dirt, but the question of running thin leaf copper brushes on 
a collector ring operated at a speed of about 220 feet per second 
(or 13,200 feet per minute) looked like an absurdity to any one 
with experience in electrical machinery, so that we all hesitated 
at first to consider the possibility of it. However, as something 
had to be done, the writer suggested to the engineer in charge 
that he change the brushes on one of the rings so that they would 
be inclined against the direction of rotation. This gave no 
trouble and the other brushes were then changed to the same 
direction and the operation ever since has been carried on with 
this arrangement. To the writer this has always seemed an 
almost unbelievable condition of operation, but as there has 
not been a single case of trouble from this arrangement during 
several years of operation, one is forced to believe that it is all 
right. This change entirely overcame the trouble from accumu¬ 
lation of dirt. However, it did not entirely cure the burning of 
the brushes and rings above described, but rendered the matter 
of lubrication somewhat easier than at first. 

As to the other serious trouble, it was mentioned that there 
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was a burning action under the brushes which tended in “ eat ” 
or “ wear 15 away 'the surface of the rings. Tins also tended to 
burn away the brush surf a ees, the amount of burning in either 
case depending, to a considerable extcut., upon the direction 
of the current. At one side of tin* machine the brushes 
would wear more rapidly, while at the other side the rings 
would wear faster. The polarity of the current was influential 
in this action. Particles of the metal appeared to travel in 
the direction of the current; that is, where the current was from 
the ring to the brushes, the ring would wear more rapidly, 
and the. brush would show but little wears while at tin* other 
end of the machine, the opposite effect would be found. How 
ever, the particles of metal taken from tin* ring did not deposit., 
or build up,” on the brushes. 

During all this operation, graphite had been used for lubri¬ 
cation. In the earlier stages, powdered graphite, compressed 
into blocks, had been used. Later it was found that very soft 
graphite brushes in insulated holders would give ample lubri¬ 
cation for the rings. However, even with this lubrieation and 
the removal of the dirt trouble, there was still an appreciable 
burning of the brushes and rings as indicated by t in* more rapid 
wear of the rings at one end of the rotor, and of the brushes at 
the other end, Extended tests showed that this burning was 
a function of the contact, drop between the brushes and the rings. 
Neither the rings nor the brushes would burn appreciably if 
the contact drop between the brushes and the ring could be kept 
very low. When this drop became relatively high (about one 
volt), the rings or brushes would show an undue rate of wear. It 
was found also that, after a considerable period of operation, 
it was very dillieult to obta n a low brush contact drop, as the 
brush wearing surface became coated with a sort of M smudge,” 
which seemed to have resisting qualities. An analysis of this 
coating showed a very considerable amount of /due in it, and 
it was determined that the zinc in the collector rings was burning 
out and forming an insulating coating on the brush contacts. 
The remedy for this condition was tint application of some clean¬ 
ing agent which would chemically act on the smudge and dis¬ 
solve it or destroy its insulating qualities. The right material for 
this purpose was found to be a weak solution of muriatic* add 
about 4 per cent in water. When this was applied to the rings by 
means of a “ wiper,” at intervals, the brush contact drop could be 
reduced to a very low figure frequently to 0.1 or 0.2 of a volt 
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and the rings would take on a very bright polish. Also, while 
this low contact drop was maintained it was found that the rings 
showed an almost inappreciable rate of wear. However, one 
set of rings continued to wear somewhat faster than the other. 
This difficulty of unequal wear of the two sets of rings was over¬ 
come by arranging a switch so that the polarity of the two ends 
of the machine could be changed occasionally. 

The temperature of the machine was reduced by the above 
treatment of the rings. Obviously, part of the heat was due to 
the loss at the brush contacts, which, of course, was reduced 
directly as the contact drop was reduced. 

The machine was now running quite decently with compara¬ 
tively heavy loads, from 7000 to 10,000 amperes, and the only 
trouble was in several minor difficulties which were then taken 
up, one at a time, in order to ascertain a suitable remedy. 
These difficulties, however, were not interfering with the regular 
operation of the machine. 

One of the difficulties w T hich finally developed was due to 
stray magnetic fluxes through the bearings. These fluxes, pass¬ 
ing out through the shaft to the shell of the bearing, consti¬ 
tuted, in themselves, the elements # of a small unipolar machine, 
of which the bearing metal served as collecting brushes. The 
e.m.f. generated in the shaft was a maximum across the two ends 
of the bearing. Consequently the current collected from the 
shaft by the bearing metal should have been greatest near the 
ends of the bearing, and least at the center. This was the case 
as indicated by the appearance of the bearing itself, which 
showed evidence of pitting near the ends but none at the center. 

To remedy this trouble, a small demagnetizing coil was placed 
outside the stator frame, at each end of the rotor, between the 
rotor core and the bearings. These coils were excited by direct 
current which was adjusted in value until practically zero e.m.f. 
was"*indicated on the shaft at the two ends of each bearing. This 
indicated that the unipolar action was practically eliminated. 
This arrangement has been in use ever since it was installed, and 
no more trouble of any sort has been encountered from local 
currents in the bearings or elsewhere. 

Some of the brushes did not show as good wearing qualities 
as desired and various experiments were made with different 
combinations of materials and various thicknesses and arrange¬ 
ment of the brush laminas. Brass leaf brushes were tried; also, 
mixtures of copper, brass, aluminum and various other leaf metals 
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ill combination. None of these gave any better results than the 
thin copper leaf brush. The tests finally showed t ha such a 1 >rush, 
very soft and flexible, with a suit aide spring tension, would 
give very salisfaelory results. Also, instead of two brushes 
side by side, a, single brush, covering the full width of a ring, war. 
found to be more satisfactory. Some tests were also made wit h 
carbon brushes, consisting of a. combination of carbon or graphite 
combined with some metal, such as copper, in a finely divided 
state. These brushes were claimed to have a very high carrying 
capacity and also to have a certain amount of self-lubrication, 
A set of these brushes was tried on one of the rings, but, lasted 
only for a very short time. The apparent wear was rapid, but 
it is not known whether this was due to the very high speed of the 
collector rings, or rapid burning a,way of the brush or the inability 
of this type of brush to follow quickly any inequalities of the 
collector rings. This test was abandoned in a comparatively 
short time. 

After getting rid of the old troubles, a new and unexpected one 
had to appear. For some unknown reason, the insulating tubes 
on the rotor conductors began to break down; also grounds oc 
eurred between the collector fings and tin* conn 

On account of the delay required in making any changes in 
the rings or rotor winding, the customer arranged with the 
manufacturer to have a new rotor built as a reserve, as it was 
obvious that sooner or later there would have to be considerable 
reconstruction of the insulation on the first rotor due to unex¬ 
plained short, circuits and grounds, A new rotor was at once 
constructed, embodying all the good features of the first rotor, 
with some supposedly minor improvements. The old rotor was 
then removed for investigation and repairs. The cause of the, 
breakdowns of the insulation on the tubes was then discovered. 

The air entering through the axial rotor holes and passing out 
* ' * * •" 0 

through the radial holes between the rings, carried fine particles 

of cement or crushed, stone dust and this had 14 sand blasted n 
the under side of the tubes. When the rotor had been operated 
during the preliminary two mouths’ period, previously described, 
before the replacement; of the rings, no evidence of this sand ¬ 
blasting had been visible. Investigation showed that the in 
sulating tubes in the former winding had been made with a, fuller 
board base, which is rather soft; and fibrous in its construction. 
The tubes on the second winding had been made with u fish 
paper ” instead of fullorboard, in order to give a hard finish on the 
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inside and outside. It was due to this hard material that the 
tioublos ii out sand blasting occurred. However, fish paper 
lubes weie superior to the fullcrboard in strength and other 
qualities, and as they were inferior only in this one character- 
ivStic, they weie used again in rewinding the rotor, but where- 
ever the tubes were exposed in passing from one ring to the next, 
they were taped over with several layers of soft tape which was 
also sewed. This gave a soft finish which would resist sand¬ 
blasting, and no trouble from this source has occurred for several 
years. 

From the breakdowns to ground, it was evident that an entire 
replacement of the rings was necessary in order to repair the 
mica bush or sleeve lying beneath the rings. This required 
the removal of the entire rotor winding and rings. It was found 
that cement dust coming up through the radial holes had sifted 

in through various crevices or openings 
around the holes and that, finally, con¬ 
ducting surfaces and paths were formed 
which allowed the current to leak to 
ground sufficient to burn the insulation 
eventually. Therefore, when replacing 
the mica sleeve over the rotor, extra care 
was taken to fit insulating bushings at 
the tops of the radial holes in such a 
way as to seal or close all joints, thus 
allowing no leakage paths between 
collector rings and the body of the core. This is shown in Fig. 15. 
No further trouble has occurred at this point. 

In removing the collector rings for these repairs, it was found 
that the flat spring supports shown in Fig. 13 had been entirely 
effective and there was no evidence whatever of any disturbance 
of the rings on the core, and there was no injury to the mica, 
such as would be shown by any slight movement. The rings 
were also very tight so that it took a very considerable temper¬ 
ature to loosen them sufficiently for removal. 

In view of the delay and expense of repairing one of these 
rotors when the collector rings had to be removed, with the pos¬ 
sibility of damaging the insulating tubes over the conductors, 
and the insulating bush over the core, it was then decided that 
a movable wearing ring was practically necessary in order to 
make this machine a permanent success. Therefore, the 
problem of a separate outside wearing ring, as originally con- 
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templates], was again taken up. The difficulty, already de¬ 
scribed, of the; zinc burning from the rings and forming a coating 
on the brushes, indicated that some other material, without 
such a large percentage of zinc, should give better results. The 
difficulty was to obtain such a material, with suitable charac¬ 
teristics otherwise. All data at hand showed that rings with 
desirable characteristics electrically, did not have the proper 
elastic; limits, or proper expansion properties when heated. In 
other words, when such rings were shrunk on the base or sup¬ 
porting ring they would stretch to such an extent, when cooled, 
that they would become loose; again with very moderate in¬ 
crease in temperature. The solution of this problem of a separate 
ring construction was found in the use of some spring arrange¬ 
ment underneath the; outer ring which would still keep it tight 
on the inner ring even when hot. The spring arrangement 

cv . . J 



used under the. inner rings, as shown in Fig, 18, was then applied 
with certain modifications. In order to get good contact be¬ 
tween the inner and outer rings for earning the current, each 
of these steel springs or plates was covered by a thin sheet of 
copper as shown in Fig. lb. While each copper she t was; of 
comparatively small sect ion, the large number of springs used 
gave sufficient total copper to carry lla* current from the outer 
to the inner or ba.se ring without any danger of current passing 
through the spring plates themselves. This arrangement was 
used in reconstructing this rotor and has proved entirely 
successful. 

In order to determine the effects of various materials without 
zinc, or with but a small quantity of it, ; event] rings were 
fitted up on a test rig and were operated for long period;; with 
currents up to 12,000 amperes in some eases, in these tests, 
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r different kinds of material were used, all of them representing 
:e rent mixtures of copper with a small percentage of other 
torials, but with little zinc in any of them. It was feared 
't copper brushes on the copper rings w^ould not work satisfac- 
iky 5 but while there was apparently some difference between 
; action of the different rings, it w^as found that copper brushes 
Ltrixig on copper were, in general, satisfactory. The brushes 
"c inclined against the rings, as in the actual machine, 
*irlg this series of tests. 

rhese tests were carried through with various numbers of 
isiies, etc. It w r as found that the number of brushes could 
reduced to about one-third the full number, and still collect 
; total rated current, but that any great reduction from the full 
briber of brushes made the operation of the rings and brushes 
re sensitive, and more attention was required to keep them 
perfect condition. It was also found that any hardness or 
line “ springiness ” in the brushes, or brush material, would 
lcL to give increased wear. Brushes of very thin leaf copper 
jn.tu.ally gave best results. It was also shown by these tests 
it if a very good polish could be maintained on the rings, 
i rate of wear from day to day was practically unmeasurable 
account of its smallness. 

ks a result of these ring tests, the rotor undergoing repair 
,s equipped with outside copper wearing rings, spring-sup- 
rted. The material in the rings was about 92 per cent pure 
yper, 2 per cent zinc and 6 per cent tin. 

File rotor was then installed in service and has been operating 
acLily for several years, with entire success. The other rotor, 
ieh. had been operating while this rotor was being repaired, 
,s then thoroughly examined after removal, to determine any 
ssible defects. It was noted that the insulating tubes over 
5 x'otor conductors were badly cracked or buckled in a number 
places. Upon removal of the rods or conductors it was found 
it the insulating tubes were stuck so tightly to the copper 
Is that they would be torn in pieces in trying to remove them, 
it had been intended that these tubes should move freely 
tlie rods or conductors, as previously described, it was evident 
it there was something radically wrong. The true cause 
tlie trouble was then discovered. In first fitting this set of 
)es over the rods, they had been too tight, and, in 
ler to make them fit easily, the men who assembled 
3 machine had reamed them on the inside to enlarge 
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them, and, in doing so, had cut away the inner hard sheet of 
fish paper which had formed the lining, thus exposing a shellaced 
surface. As soon as heated, this shellac stuck She lube to the 
rod so that there could be no possible movement between the 
two. In consequence, when the rods expanded or contracted, 
the tubes moved backward and forward in the supporting holes, 
and wherever they stuck fast in the outer holes, something had 
to give, so that eventually the tubes buckled or cracked or pulled 
open. This was readily remedied by pulling, on new tubes prop¬ 
erly constructed. As the rings on this rotor were in very good 
condition with but little worn away, the removable type of 
ring was not added, as this would require turning off a large 
amount of effective material on Ilu* existing rings and replacing 
it with new outer rings. It was decided that, as there was several 
years' wear in the old rings, it would be of no material advantage 
to throw this away when it could be worn away in service, 
just as well as it. could be turned off in a lathe, After the rings 
in this machine arc worn down the permissible depth, they will 
be refilled by the addition of the removable type. 

"Phis unipolar generator has now been in service for quite 
a. long period, with no difficulty whatever, and with an average 
ring wear of less than 0.001 in, per day, or less than l in. per 
year. This may seem like an undue rate <4 wear; but in reality 
it is an extremely low rate, if the high peripheral speed, and the 
number of brushes, are considered, Tim; machine operates 
day and night, seven days in the week, and practically contin¬ 
uously during the entire year. Taking the peripheral speed 
into account, the above rale of wear represents a total travel 
of each ring of about 3.0 million miles for each inch depth of wear, 
or about 150 times around tin* earth along a great circle, Con¬ 
sidering that there are brushes bearing on each ring, at intervals 
of about eight in,, a wear of one in,, for every 3.0 million miles 
traveled, does not seem unduly large. If, at tin* same time, it 
is considered that the brushes nr.* collecting from 7500 to 10,000 
amperes from each ring on a total ring surface of about 3j in, 
wide by 42 in, diameter, it is not surprising that there should 
be more or less M wear M due to the collection of this, current. 
In fact, the current; collected averages from 10 to 20 amperes 
per square inch of the total ring wearing surface. This may be 
compared with standard pmeti e with large, d *\ commutators, 
in which I| to 2 amperes per square inch of commutator face 
is usual and 3 amperes is extreme. 
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On account of the final success of this machine, the story of 
its development is a more pleasant one to tell than is the case 
in some instances where entirely new types of apparatus are 
undertaken. It might be said, after reviewing the foregoing 
description, that many of the troubles encountered with this 
machine could have boon foreseen; but such a statement would 
be open to question, for the engineers of the manufaeturing 
company were in frequent session on all the various phases and 
difficulties which developed. The writer knows that in many 
cases, after any individual trouble was known, suggestions for 
remedies wore not readily forthcoming. The writer does not 
know of any individual machine where more engineering and 
manufacturing skill was expended in endeavoring to bring about 
success, than was the ease with tins machine. As an example 
of engineering pertinacity, this machine is possibly without, a 
rival. A mere telling of the story cannot give mure than a 
slight idea of the actual light to overcome the various difficulties 
encountered in the development of this machine. 

The results obtained were valuable in many ways, Many 
data were obtained which have since been of great use, both from 
a theoretical as well as a practical standpoint, in other classes 
of apparatus. Certain fundamental conditions encountered in 
this machine have led to the study oi other allied principles 
which point toward possibilities in other lines oi endeavor. 
Therefore this machine, which was very cosily in its develop* 
merit, may eventually pay for itself through improvements ami 
developments in other lines of design. 

The writer wishes to say a good word for the purchaser of this 
new apparatus. Me was longeuitTering, and was undoubtedly 
put to more or less trouble and inconvenience, but nevertheless 
he gave opportunity to correct difiiculties. Hi* reiJoguize.il that 
the engineers were confronted with a new problem in this ma¬ 
chine and he gave them an opportunity to carry it through to 
success, Apparatus of this type could only be developed to 
full success in uotumerieai operation, as all the difficulties en¬ 
countered would never have been found on shop test. There¬ 
fore, the attitude of the customer was of prime importance in 
the development of such a machine. 
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Discussion on “ Development of a Successful Direct- 
Current 2000-kw. Unipolar Generator” (Lamme) 
Boston, Mass., June 28, 1912. 

J. E. Noeggerath: It is a great pleasure indeed to congratu¬ 
late Mr. Lamme upon his frank' and exceedingly important 
paper on acyclic machines, and to comment on it, as, naturally, 
having been in a position to overcome similar difficulties in the’ 
development of the unipolar machines I am connected with, I 
appreciate the extraordinary problems that have to be met. 

_ A few of the troubles mentioned by the author did not mate¬ 
rialize, as those connected with the slots for the conductors, since 
the machines were built differently from the start; also the rings 
never came loose, but, as fair exchange, experiences were bought 
dearly in other ways. Of the problems in common some were 
solved in the same manner, some entirely differently, by which 
statement I do not lay claim to a better solution. 

Mr. Lamme’s design of the collector rings is ingenious. He 
states that one of the reasons for building them up out of two 
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concentric rings was to facilitate their exchange. A different 
way of solving this difficulty is not to mount the collector rings 
on the armature directly, but rather on a separate shell- which, 
magnetically, forms part of the armature. (Pig. 1.) This elimi¬ 
nates the necessity of handling the heavy bulk of the armature, 
reducing the weights that have to be taken care of in shipping 
and dismounting, to considerably less than 10 per cent. 

1 he collectors are so designed that one-half yf the rings can be 
t aken off from one end and the other half from the other end. In 
ease of a large number of rings two or more collector shells are 
used for each set. 

Due to the length ol the conductors, if is necessary to provide in 
some way against the stresses produced by heat expansion. For 
the purpose of eliminating them, Mr. Lamme inserted a flexible 
element. 

, 1 he corresponding solution which avoids the necessity of tak¬ 

ing away space from the magnetic section, consists in dividing 
Hie conductor lengthwise, the end of one-half protrud ng into the 
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end of the other half (Fie;. 2), or in providing a sliding coimec- 
tion the conductor fitting loosely into n hole in the ring. Since 
the peripheral speeds are very high, this connection forms a per¬ 
fect contact which has proved successful in years of operation. 

Bearing troubles were solved Jn identically the same way by 
Mr Lai nine and myself, both of us using coils in the bearings to 

counteract the stray holds. .. , 

Part of the collector ring troubles, too, was taken rare ol m t he 
same way, as in both eases soft insulated graphite brushes of a 
specific kind arc used; if 1 am not mistaken, even the saint* make 

is used. . . . _ , . , . , 

Mr. Lamme’sinvestigation relating to the other brush troubles 
and supplementing my investigations of the theory of the eleetrie 
contact are ingenious and 1 gladly acknowledge* that where f have 
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taken the first step, Mr. Lamme at tin* present stage has obtained 
superior results as to the voltage drop in the eon taels. He suc¬ 
ceeds in permanently keeping it down to an average of 0.1 volt.; 
he even mentions 0.1 volt; these are excellent results. 

I am gla<l to have Mr, La mine a rommiscrator as to flu* mileage 
that has to be traveled over by the brushes. If such require¬ 
ments had been fulfilled by single phase commutator motors, 
the maintenance expense would have become reasonable long 
ago. 

As to running the generator, be., tin* rings against the brushes, 
it has been my experience for a long time that this is feasible; an 
additional advantage not mentioned but probably known to Mr. 
Lamme, is that in running against the brushes, a compounding 
action takes place. 

If any criticism ran he made outside of those mentioned by 
the author of the paper himself, it would refer to the great bulk 
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of the machine; this can probably be explained to a considerable 
extent by the comparatively low speeds employed. 

As Mr. Lamnie has brought up again the question of the mag¬ 
netic fields of unipolar machines, I put now before the Institute 
the results of an investigation which originally I intended to 
elaborate into a paper. 

I have found, that, in contradistinction to the accepted ideas-— 
this ought to be of fundamental importance with regard to the 
theory of the magnetic field- magnetic fields set at right angles 
to each other do not affect each other in the least (Pig. 3 and 4). 

In other words, if a field is set up in a magnetic material 
which is permeated by a second field at righ t angles to it, the rela¬ 
tion of the first field to its electromagnetic force is not in the 
slightest degree affected by the second field, although the second 
field may be so strong as to have completely saturated the iron at 
right angles to the first field. 

If for instance in Fig. 3, M- 1 and FA represent respectively a 
strong magnetomotive force and a strong magnetic field, it is 
natural that it will be little or not at all affected by a small 
second magnetomotive force and magnetic field, etc., M- 2 and 
F-2 , set at right angles to 1. 

However, it should be expected, according to the usual con¬ 
ception, that if F-2 and M -2 reach saturation ( Pig. 4), then with, 
the same MA, FA should be considerably reduced, because one 
should assume that if the iron is saturated in one direction of the 
field F-2 there will be no possibility for any magnetic* flux to pass 
through it, even though directed at right angles. 

However, FA is not at all affected by F-2. This is not in con¬ 
tradiction to the phenomena observed with fields which are said 
to be and are in some respects at right angles to each other in alt er¬ 
nating-current machinery, in commutating direct-current ma¬ 
chinery and even in many types of unipolar machines. (How¬ 
ever, unipolar machines can be so designed that the fields are in 
such relation to each other so as to be actually at right angles. 
This is of course not usually the ease when conductors arc placed 
in slots or holes as in Mr. Luinme’s machine). This is, as I stated, 
not a contradiction, as a close scrutiny will show that the fluxes 
in the eases usually considered are affected in their mutual rela¬ 
tionship not because they are at right angles but; for any of a 
number of other reasons. 

These conditions seem to find a parallel in the modern theory 
of light. 

In concluding, l take pleasure* in stating that 1 have observed 
the successful operation of Mr, Larnme’s 2000-kw. machine. It 
ran very well indeed; then* was no sparking; it ran cool, noise¬ 
lessly and without vibration. 

It is almost needless to say that 1 hope the paper will give a 
new impetus to this development, which though apparently 
stagnant in the United States, I had the pleasure of reviving in 

Europe. 
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Elihu Thomson: I listened to Mr. Lamme’s account of his 
experiences with the unipolar machine with much interest. It 
is an example of how bold an engineer must be at times even to 
undertake the problems of which so little is known. He enters 
the field and tries to do the w r ork and then finds so many difficul¬ 
ties that it is a wonder he ever gets through or does not lose his 
enthusiasm before he has gone as far as Mr. Lamme has gone. I 
congratulate him on the final result in having a machine that will 
do the work. Now, in regard to unipolar construction, it will be 
recalled that in 1884 in the old electrical exhibition in Philadel¬ 
phia George Forbes showed two or three examples of unipolar 
dynamos. They had great blocks of carbon for brushes, but it is 
about the worst material to be used in the case of a unipolar 
machine where the contact resistance is high. The loss involved 
would be very great. About 1885 or ’86 we were studying the 
problem of the possibility of large power stations for continuous 
work, from the point of unipolar design, thinking possibly we 
might construct a number of machines in series for a very large 
output such as 25,000, or 30,000 kilowatts, large in those days. I 
was led to look into the unipolar design. I built two machines of 
moderate size to test out the conditions; the armature conductor 
was single without series connection. This single conductor 
was used much as in Fig. 2 of Mr. Lamme’s paper, only the com¬ 
pounding which I obtained in that machine was by making the 
current-collecting ring connect with the inner conductor by a 
spiral band going around two or three times, as if a huge ribbon 
had been wound around, which carried the current to the outside 
ring. That is simply doing the same thing as carrying the leads 
from the brushes around in order to get compounding. The 
machine, however, developed difficulties and it was evident that 
we did not have enough knowledge in those days for proper con¬ 
struction. The iron losses were evidently, however, quite low. 
I would say that the rotor itself was composed of a plain cylin¬ 
drical bar which was evenly plated with copper on the outside 
so as to confine the conduction to the outside, and in the air gap. 
I was led to suspect in those days that possibly there was a 
lessened loss to be expected in iron, where we did not have a re¬ 
versal of flux, and in building some inductor dynamos later w r e 
found the iron losses so low that they were hardly measurable 
because the flux merely changed direction from one point to an¬ 
other, so that the amount of iron subject to magnetic changes was 
very small. That, I think, would apply in the case of unipolar 
machines and account for the low iron losses. 

I was interested to note the remarks that Mr. Lamme makes as 
to the brushes. This problem in a way reminds me very strongly 
of the early days of railway motors. We had a hard fight to get 
railway motors to work in the street, where they were exposed to 
the dust and dirt of the street, and the commutators likewise. 
We attempted to run them open, without any boxes or casing, 
and encountered many difficulties. I was on the point of telling 



1X40 


FXI POL A R GENERA TOR 


1.1 u lit* ‘JS 


our company to hold up on railway motor business because the 
commutator repair bills would swamp them. We then intro¬ 
duced the carbon brush. The box type of motor kept tin* dust 
off, and our hard work was over. Fur a time it was a very seri¬ 
ous outlook. I recall that in INN9 Mr. (\ b. L. Brown, known 
to us all as one of tin* most competent engineers, whose work has 
stood as the very highest, was engaged at that time in unipolar 
design, and the Oerlikon works had a contract to build a maehine 
for 10 volts for elect roly tie work. It was of large output, some¬ 
thing like 12,000 or 15,000 amperes. 1 saw the parts of the ma¬ 
chine in the shop. The rotor was a large cupper pulley with rims 
turned up at each side fur the traverse of the brushes, 1 said to 
Mr. Brown, ” That is all right; but how about collection of 
current from that ring? Tin* wear will he terrific on those sur¬ 
faces and your ring will soon have the llany.es worn off.” lb* 
said “Do y cm really think so?” 1 said “ I know so, 1 don’t be¬ 
lieve it is possible for you to run at those high speeds without 
wearing tliem off,” In about a year's time a letter came from 
Mr. Brown saying lit* had found exactly what 1 fold him about 
the brush wear was true, and he said M Now 1 ant going to try 
carbon.” I wrote back that 1 thought he would lie in worse 
trouble with carbon than with leaf brushes, because the leaf 
brush will accommodate itself to the surface, while the block of 
carbon will danceamrl jump, and cannot, possibly follow the vibra 
lion of tin* machine unless the pressure be so high ns to cause a 
mechanical friction that will In* absolutely prohibitive. Later 
on. 1 heard from Brown that these things were true, 1 have 
been interested very much to see the chemical methods of keep" 
mg contacts clean as applied in the way that Mr. hamate says 
has been done. When J was analytical chemist, to keep our 
metal surfaces clean we washed them with a little hydrochloric 
acid. If applied to eases of the kind in such a way that the acid 
would not do any damage around, it would often snlvediiliculfies. 

W„ L. Waters (by let ter): Mr. Lai tune, at the end of his paper, 
states y ” As an example of engineering pertinacity, this maehine 
is possibly without a rival,” I would change the word M pus 
sibly ” to M probably,” The writer had the pleasure of assisting 
Mr. Lam me in some ot the work described, and I think that en¬ 
gineers that have been through similar diilieuUics will realize 
that his bare narrative covers a long period of strenuous work 
work that would never have been brought to a successful eon 
elusion, but for the extraordinary resourcefulness and perswer 
anee oMUie man who was directing it. As stated in the paper 

It might be said. .that many of the 

troubles encountered with this machine could have been fore 
seen," but when it is considered that this is merely out* of a 
thousand machines that were lining handled in the routine work 
by the engineers responsible for this unipolar machine, if is easily 
seen that the only way to decide the numerous points which, arose* 
was by the direct experiments described in the paper. 
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EXCITATION OF ALTERNATING-CURRENT 
GENERATORS 

.BY D. B. RUSHMORE 

The Problem oe Excitation 
In order to induce an electromotive force in electrical machin¬ 
ery some sort of excitation must always be provided. In direct- 
current machines an e.m.f. is induced in the armature conductors 
by their motion across a stationary magnetic field. This is 
sometimes also the case with alternators, although it is more 
usual that the field is revolving, so that the magnetic flux travels 
past the armature conductors, which are stationary. 

In the inductor alternator both the field and armature wind¬ 
ings are. stationary and only the pole pieces revolve. Due to the 
varying reluctance of the magnetic circuit, caused by the revolv¬ 
ing poles, the flux linked with the armature coils will vary period¬ 
ically, and induce an alternating e.m.f. in the armature winding. 
In the polyphase induction motor the stator and rotor currents 
produce a resultant magnetomotive force resulting in a rotating 
field which induces e.m.fs. in both the primary and secondary 
windings. In a transformer, the applied primary current mag¬ 
netizes the core and produces an alternating magnetic flux which 
links with both the primary and secondary windings, causing 
e.m.fs. to be induced therein. 

The above cases can in general be divided in two groups: 
first, those of the transformer action, where the field and the 
windings, in which the e.m.f. is to be induced, are both stationary 
relative to one another and where the voltage is induced by the 
alternating magnetic flux; second, those of the generator action, 
where the field and the windings, in which the e.m.f, is to be 
induced, move relatively to one another, so that the armature 
conductors cut the lines of force of the magnetic field, 
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Fn this paper it is only the intent to rover that part of the 
second group which refers to the excitation of alternating-current 
synchronous generators. 

AtTKRNATINO-CfRR)■:SI (.'■ I-;\R.yro hS 
Induced E. M. F. An alternating-current synchronous gen¬ 
erator is absolutely dependent on a direct-current excitation 
lor its operation, thee.ni.f. induced in the armature circuit being 
determined by Mrs formula 
K - 4.44 kskw/n <f> 10 * 
in which 

k, = slot factor. 

kw — winding pitch factor. 

/ = frequency in cycles per second. 

n — armature turns in scries per phase. 

0 = magnetic lines of force. 
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The values of the winding pitch factor, k w , arc given in Pig. |. 

Umruttcnstics. The field ampere t urns required to produce 
the magnetic flux which is necessary in order to induce a desired 
(tm.f. depends on the character of the magnetic circuit, 
on its dimensions and on the material of which it is made up.' 
. ‘ values are readily obtained by referring to standard satura 

turn curves, similar to the ones shown in Pig. 2, these curves, of 
course, depending upon the qualities of the iron or steel which is 
used.. The curves are plotted as ampere turns per inch against 
<ilo lines pci sq. inch, although occasionally ampere -turns per 
centimeter arc plotted against kiln-lines per square centimeter, 
lhe total magnetomotive force per magnetic circuit is equal to 
the sum of the m.m.fs. necessary for establishing the required 

Ml part, of tlu: sluts are left open, the breadth of the winding is it 
dueed and the value of As is increased to approximately that given for 
a two-phase winding. 
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flux in the separate parts of the circuit which are in series, viz., 
the pole pieces, the field spider, the air gaps, the teeth and the 
armature core. 

The relation of the e.m.f. produced by an alternator at no-load, 
i.e., at open circuit, to the field current when the alternator is 
driven at constant speed is represented by the no-load saturation 



Fig. l—V alues of Winding-Pitch Fig. 3—Alternator Character- 
Factor, k s . ISTICS. 



Fig. 2—Saturation Curves. 


curve. Such a characteristic curve is shown in-curve A, Fig. 3, 
and it is seen that this curve is almost a straight line for small 
exciting currents. At low excitation, the reluctance of the air 
gap is very high and that of the iron very low, and therefore the 
former may. be considered as constituting the entire reluctance 
of the magnetic circuit. Since the reluctance of air is constant. 
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regardless of the flux density, at small excitations the flux will 
be proportional to the magnetomotive force, and therefore the 
open-circuit voltage is proportional to the field current, hence the 
curve is straight. As the field becomes stronger, however, the 
proportion of the air-gap reluctance to the entire reluctance 
decreases because the permeability of iron decreases with in¬ 
creased flux density, and therefore the e.m.f. increases less 
rapidly with increased excitation. 

When a current is flowing in the armature circuit, i. e ., under 
load, the field ampere-turns required to maintain normal terminal 
voltage exceed the no-load ampere-turns required for normal 
voltage. This is due to the following: 

1. The resistance drop in voltage caused by the armature current. 

2. The demagnetizing effect of the armature current. 

3. The increased leakage flux caused by a greater full-load field excita¬ 
tion. 

A number of methods have been proposed for calculating 
the above components, and thus determining the total field 
excitation. A detailed explanation of these methods is, however, 
beyond the scope of this paper. Knowing the resistance and the 
leakage reactance of the armature, the voltage drop in the arma¬ 
ture is added geometrically to the terminal voltage, and this 
gives the induced voltage in the machine. Knowing from the 
no-load saturation curve the required net excitation at this volt¬ 
age, and correcting it for the effect of the armature reaction, the 
necessary field ampere-turns are obtained. The result of such 
calculations for different values of the armature current and for 
various power factors are represented by the load-characteristic 
curves. The full-load saturation curve of an alternator is shown 
by curve B in Fig. 3. 4 

Effect of Power Factor. When the armature current leads the 
induced e.m.f. in the armature conductors, the armature m.m.f. 
assists the field m.m.f. and so strengthens the field. When the 
armature current lags behind the induced e.m.f., the armature 
m.m.f. opposes the field m.m.f. and so weakens the field. 

When the current and the induced e.m.f. are in phase, the 
two m.m.fs. neither assist or oppose each other, and the influence 
of the armature reaction is only to distort the main field without 
changing its value. The current in the armature, however, 
always lags behind the induced e.m.f. by reason of the inductance^ 
and even with unity power factor in the external circuit the 
armature reaction is demagnetizing to a certain extent. 
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The induced armature e.m.f. is proportional to the flux per pole, 
and thus, with leading current in the armature the induced e.m.f. 
is greater than the open-circuit voltage, and with lagging current 
less than the open-circuit voltage. In the latter case, when load 
is put on the machine the field excitation must, therefore, be 
increased in order to overcome the armature reaction by an 
amount sufficient to neutralize the armature-demagnetizing 
magnetomotive force. 

Range of Excitation. In order to get the best combination for 
automatic voltage regulation an alternator should preferably 
have a range in excitation from no-load to maximum load, with 
approximately 80 per cent power factor, of the ratio of not more 
than one to two. With 125 volts excitation, the voltage should 
therefore not be allowed to exceed 125 volts at maximum load, 80 
per cent power factor, and the corresponding no-load excitation 
should be about 70 volts. Should the excitation voltage be 250, 
the same ratio should hold true. 

Excitation required varies considerably for different machines, 
depending upon the size, the number of-poles, the speed and the 
regulation. For alternators of different capacities, but other¬ 
wise similar, the relative excitation naturally decreases as the 
size of the alternator increases. High-speed machines generally 
require a less excitation than low-speed, due to the less number 
of poles. With a large number of poles, however, the air gap 
is usually smaller, and this will somewhat offset the higher 
excitation for low-speed machines. 

In general, it may be said that small machines of many poles 
require a large excitation, and large machines with few poles a 
comparatively small excitation. The percentage of the excitation 
of alternators as compared to their output may approximately 
be taken as from 2 per cent or more for the former class to 0.5 
per cent for the latter. In Fig. 4 are given some curves showing 
approximately the average values of excitation required for 
different types of alternators. 

Exciters 

Exciter Characteristics. When exciters are to be operated in 
connection with automatic regulators it is most important that 
they be designed with this point in view. The densities, 
especially in the fields, should be fa rly low, as with a high density 
the time element required to vary the voltage from one point to 
another would be so long as materially 7 to affect the regulation. 
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The exciter should preferably have a time element so that it 
will be responsive to changes in the field excitation to the extent 
that, by inserting an external resistance equal to about three 
times the resistance of the held, the voltage will fall from I2f> 
to 2f> volts in from four to six seconds. An ideal exciter designed 
along these lines should also give at full field If»f> volts, and the 
increase in the held current, from 125 volts to 150 volts should not 
be over 50 per cent. 

For alternators operating at maximum inductive overload, 
125 volts is generally required for the excitation, ami in order 
to get; satisfactory regulation when a T A regulator is used, 



Pin, 4 AKPHOXIMAi'K AVhKAOK 
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the exciter must be designed so as to he able to give 105 volts 
momentarily, It. is also necessary that the increase in the exciter 
held current should be small, so that tlu* exciter will respond 
quickly to the short-circuiting of the rheostat, and thus insure 
the desired alternator excitation, Should the excitation voltage 
be any other value than 125, r.g., 250 volts, the above values 
would be proportionally changed. 

The curves in Fig, 5 show the saturation curves of two exciters, 
one representing the characteristics of a machine with a low 
density, as required,and the other representing the characteristics 
of a machine with high density and consequently requiring a 
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large increase in the held current. It can readily be seen that 
the latter exciter is not as desirable for good voltage regulation 
as the former exciter when an automatic regulator is used. 

The series field excitation should not exceed 30 per cent of the 
total excitation so that a good regulation may be obtained by 
control of the slumt-field rheostat. In order to obtain the desired 
variation in t he v< >ltage it 1 >eeomes necessary b> \m wide a rheostat 
of snflieient size, its resistance being about three times that of 
the resistance of the exciter shunt field when hot. 

Shunt vs. Com pound-Wound Exciters. While an exciter ran be 
cither of the shunt or compound-woimd tying the latter is pre¬ 
ferable. The main reason for this is that, a better parallel opera¬ 
tion is obtained with compound, windings, this being especially 
true where two or more machines of different size are to be oper¬ 
ated in parallel. It makes no difference whether an automatic 
regulator is used or not, although the series winding loses its 
value in connection with automatic regulators if the exciters are 
not operated in parallel. 

When operating without automatic regulators, compound- 
wound exciters have the advantage that they will give the same 
excitation from no load to lull load, nr they ran be slight ly over- 
compounded to take cure of the increased load, and will thereby 
compensate in a measure for t he drop or rise in the voltage as the 
load varies. 

Exciters with Commutating Poles. In operating exciters with 
commutating poles in parallel, then* is sometimes a tendency tor 
the incoming machine to take all the load, 1 he reason tor this 
is generally due to the fact that a commutating pole machine, 
when flat, compounded at 12a volts, has a rising characteristic 
when operated at voltages less than normal, as shown in Fig. f>. 
To overcome this it is therefore desirable to Hat-compound all 
exciters with commutating poles at HO volts, so as to give a droop¬ 
ing characteristic at higher voltages, as shown in Fig. 7. 

Rating. It is the general practise so to determine the capacity 
of the exciters that, their combined normal rating will correspond 
to the maximum excitation required for the total generating 
equipment when operating at, tin* specified power factor. 

An overload capacity ot 2a per cent is therefore generally 
considered ample to take care of possible excessive load variations 
and for furnishing current to auxiliary station apparatus and 
lighting, 

The temperature rise at normal load should not exceed 45 deg* 
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cent, on the commutator and It) tint.*, ecut. on all other parts; for 
2a ikt mil overload 00 dot;, ami ad dot,.;. cent respect ively, These 
temperatures are to he based on thermometer readings, and a 
room temperature of 2d deg. eent. 

Voltage. The pressure most eommouly used for excitation is 
12a volts. For alternating-current machines of a very la rye 
capacity requiring a large exeitation it will, however, usually he 
lound to be more eeonornieal to use a 2at) volt excitation, This 
higher voltage will necessarily allow a. smaller eonduetor for the 
exciter and field leads, and in addition I he size of t he commutator 
can la* considerably reduced, which is important, esperiallv for 
waterwheel-driven exciters where the design must be such as 
to withstand safely the increased sires ms dm* to a possible double 
speed. 
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fwvrf, The speed of an exciter depends on the method of its 
drive and on its capacity. Kxfremely slow or high speeds mean 


excessive cost* with tin* addition of mechanical difficult!? 
high speed, dins is especially important in hydraulic ins! 
lions* where the exciters are driven from waterwheel* 
which case they must be designed to withstand tin* turn 
stresses dm* to a double speed. This fact should, then 


or 
■ilia- 
in 
tsed 
'fore, 


the speed of waterwheel driven 


always he considered before 
exciters is fixed. 

Mwhaniml Design, Tin* meehanicu! design of exciters does not 
differ from other direct-current generators, They art* almost 
always of the horizontal type, although in certain instances 
vertical units are desired, due to certain advantages in the 
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hydraulic equipment. Vertical units are, as a rule, considerably 
more expensive than horizontal, on account of increased de¬ 
velopment charges. 

The pole pieces are generally built up of laminated steel riveted 
together and bolted to the frame. The extensions of the pole 
face serve to hold the field coils firmly in place, and the coils 
can readily be exchanged when necessary by simply removing 
the pole pieces. 

Belted exciters are generally provided with end-shield bearings, 
as when this type of exciter is selected the required capac'ty is 
not very large and two-bearing machines can safely be used. 
When intended for direct connection to a waterwheel they are 
almost invariably of the pedestal-bearing type, the shaft being 
provided with the necessary coupling. When, on the other hand, 
they are intended for direct connection to an engine or to the 
main generators, shaft and bearings are generally not furnished. 
In the former case the exciter armature is commonly mounted 
directly on the engine shaft and the frame is supported on an 
extension of the engine base, while in the latter case the arma¬ 
ture is generally mounted on an extension of the generator shaft 
and the frame is supported on a bracket outside one of the 
generator-bearing pedestals. 

Vertical exciters are ordinarily provided with one or two guide 
bearings and a short shaft with coupling. For supporting the 
revolving element a roller-suspension bearing is sometimes 
furnished, forming part of the upper bearing bracket. It should 
be of sufficient size to take care not only of the weight of the 
exciter armature but also of the revolving element of the prime 
mover. In certain instances waterwheel builders will furnish 
a step bearing and if so, only guide bearings need be furnished 
with the exciter. 

Two-bearing belted exciters are usually provided with a slid¬ 
ing base and the belt is tightened by the use of a ratchet screw 
which moves the machine along the base. When the exciters 
are rigidly coupled and driven by motors, both the exciter and 
the motor should be mounted on a common cast-iron base to 
insure perfect alignment. 

Pulleys for belt-driven exciters should preferably be of paper, 
these being preferable to cast-iron pulleys. They are cheaper, 
lighter and adhere well to the belt. The belt speed should not 
exceed 5000 ft. per minute and the pulley ratio should not exceed 
5 to 1 unless an idler is provided. 
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Diffkrknt Methods of Excitation 

The excitation of alternators (‘an in tenoral ho classified under 
the loll owing three divisions: self-excited, earn pasitel y excited 
and separately excited. Of these, however, the last named is 
a inn >s t. en ti rel y uset I. 

Self-Exciting Alternators. The simplest form of self-excited 
alternator is the one when* the held current is supplied through 
a rectifying commutator from the armature under consideration. 

Self-excited alternators may be divided into series-wound and 
shunt wound, depending upon whether the whole current is 
rectified and led through a comparatively small number of turns 
around the field magnets, or whether only a portion of the 
current is rectified and led through a shunt; circuit several 
times around the field poles. Of these, the shunt-wound type 
has been mostly used, and either tin* full pressure of the 
armature, or that of one or more coils, may he impressed directly 
upon the rectifying commutator, by means of a, transformer 
attached to the armature. 

The Alexanderson self-excited alternator is possibly best 
known in this country. A novel feature of this machine is the 
automatic voltage regulation accomplished by a special applica¬ 
tion o! the field rheostat. While in ordinary generators the 
hold current is controlled by hand regulation, this machine 
employs a three-phase held rheostat in which the voltage drop 
is automatically cut down to the desired extent by a, three-phase 
current forced through the rheostat in opposite directions to the 
held currents. The current used for reducing the drop in the 
rheostat is taken from a transformer connected in series with 
the armature circuit. In this way the held current is regulated 
with respect to the power factor as well, as to the amount of 
current taken from the generator, . 

A diagram showing the general connections of this machine 
is given in Pig. H. The stationary partis provided with two wind¬ 
ings* the? main winding, A , and the auxiliary winding, B, 
which is placed in the same slots as the main winding and con¬ 
sists of a few turns of small wins 

The exciting current is generated in the auxiliary three-phase 
winding, its terminals being eonneeted to three sets of brushes 
bearing on a special rectifying commutator. R represents three 
non inductive resistances connecting the windings to the neutral 
point. Three series transformers are connected in the main 
lines of the alternator, the secondaries of which are connected 
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to the resistance in the F-connection of the auxiliary winding. 
F is the field winding of the alternator, which can be of the 
ordinary construction. The commutator has one active segment 
per pole, each alternate segment being connected to one side of 
the field winding and the remaining segments to the other. 
By this arrangement it is possible to make the commutation inde¬ 
pendent of the reactance which is inherent in the ordinary type 
of field winding, and the whole process of commutation is 
carried out in the stationary circuits before the current enters the 
field. 

The operation of the machine is as follows: full-load inductive 
excitation of the machine is obtained from the voltage generated 



Fig. 8—Diagram of Alexanderson Self-Excited Alternator. 

in the auxiliary winding, and the resistance in series with the 
winding is so adjusted that the current from the winding to 
the brushes is right at no load. With full-load w r attless current 
of the alternator, the current in the secondary of the series trans¬ 
former and its potential is such that the drop in the resistance 
which occurs at no load is completely compensated for, so that 
there is no potential difference although the resistance is in 
series with the commutator. With full non-inductive load, 
since the arrangement of the circuits is such that the opposing 
e.m.f. by the series transformer is displaced 90 deg. from that 
generated in the auxiliary winding, the resultant drop in the 
resistance is of some magnitude and therefore the exciter 
voltage is less than at full-load wattless current, but more than 
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at no load. The trite relation between excitation at no load 
full non-inductive load and full inductive loud is illustrated in 
Fig. 9, in which A B is the excitation at full non-inductive load, 
A C the excitation at full inductive load, and A () % equal in 
A C — OC\ is the no-load excitation. The circle is the locus for 
the field excitation for different, power factors. It is evident, that 
the voltage so obtained at the rectifying commutator is correct 
for ])roper compounding, sinee the relation between tlu- no-load 
ampere-turns and the full non-inductive load ampere-turns 
is quite closely found by combining the no-load ampere-turns 
and synchronous impedance ampere-turns at right angles. This 
full inductive excitation is very closely obtained, if the no-load 
ampere-turns and the synchronous impedance ampere-turns arc 
directly added. This corresponds in the diagram to the condi¬ 
tions when A 0 is added to () (\ 

Composite-Wound Alternators. In order to obtain tin* result 
for which compound windings are used with direct-current gen¬ 
ii 

xT I 

f \] ' 

CO A 
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craters, compensating windings are used with alternators. The 
field is excited for its normal open-circuit voltage by an exciter 
either direet>eonneeted or geared to the generator, while the 
voltage drop caused by the load current is compensated for by 
series ampere-turns from self excitation. 

The compensating winding can be connected in many different 
ways; for example, the armature current may all be rectified for 
use in excitation, or it. may pass through a special transformer 
attached to the armature, and the secondary of this transformer 
may supply the current for rectification and self-exeitatiom 
Again, the rectified current may be passed through a few turns 
of wire on each pole, or all the necessary series turns may be 
placed on one or two poles. 

The connections of one type of compensated generator are 
shown in Fig, 10. There are two collector rings for supplying 
current to the revolving field, and three collector rings for sup¬ 
plying alternating current from u series transformer to the anna- 
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ture of the compensating exciter. This set of three rings is 
mounted outside of the bearing in the case of the smaller belt- 
driven generators, and inside the bearing, just outside the field 
collector rings, on the larger belt-driven machines. On the 
engine-driven generators these rings are mounted on the exciter- 
shaft. 

The compounding of these machines is accomplished by pass¬ 
ing three-phase current into the exciter armature in such a 
way that it reacts magnetically on the exciter field in propor¬ 
tion to the strength and phase relation of the alternating current. 
Consequently, the magnetic field and hence the voltage of the 



Fig. 10—Connections of Three-Phase Compensated Generators. 

exciter are due to the combined effects of the shunt field current 
and the magnetic reaction of the alternating current. The alter¬ 
nating current passes through the exciter armature in such a 
manner as to give the necessary rise of exciter voltage as the 
non-inductive load increases, and without other adjustment, to 
give greater rise of exciter voltage with additions of inductive 
load. 

An illustration of a compensating generator of The above type 
is shown in Fig. 11. 

Separate Excitation . A separately excited generator has no 
inherent tendency toward regulation, this being effected either 
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by a rheostat in the field circuit or by means of different systems 
of automatic regulator operation, as treated more fully in another 
part of this paper. 

With separate excitation the direct current is obtained by 
means of exciters, or from some other existing source of direct- 
current supply or from a storage battery. The first method, 
however, is the most advantageous and is the one almost invari¬ 
ably used. 


DlFKKRiONT MimiODS OF VoLTAGK REGULATION 
Hand Regulation . The simplest system of operation is by 
means of hand-operated rheostats connected in the field circuits 
of each generator. The pressure of the exciter bus is then 
generally kept constant at the rated exciter voltage and all 
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the regulation is done by manipulating the generator rheostats. 
In order to regulate the exciter voltage it is, of course, also neces¬ 
sary to provide rheostats in the exciter fields. 

T A Regulators. Of the various schemes proposed for auto¬ 
matic voltage regulation, the T A regulator is now most widely 
used. With this system the desired voltage is maintained by 
rapidly opening and closing a shunt circuit across the exciter 
field rheostat. The rheostat is first turned in until the exciter 
voltage is greatly reduced and the regulator circuit is then 
closed* This short circuits the rheostat through contacts in the 
regulator and. tin* voltage of the exciter and generator im¬ 
mediately rise. At a predetermined point the regulator contacts 
are automatically opened and the field current of the exciter 
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must again pass through the rheostat. The resulting reduction 
in voltage is arrested at once by the closing of the regulator 
contacts, which continue to vibrate in this manner and keep the 
generator voltage within the desired limits. 

Method of Operation. An elementary diagram of the type 
T A, form A regulator’s connections with an alternating-current 
generator and exciter is shown in Pig. 12. The regulator has a 
direct-current control magnet,, an alternating-current control 
magnet, and a relay. The direct-current control, magnet is 
connected to the exciter busbars. This magnet has a fixed 
stop-core in the bottom and a movable core in the top which is 
attached to a pivoted lever having at the opposite end a flexible 
contact pulled downward by four spiral springs. For clearness, 
however, only one spring is shown in the diagram. Opposite the 
direct-current control magnet is tile alternating-current control 
magnet, which lias a potential winding connected by means of a 
potential transformer to the ultcimating-eurrent genera.!.or or 
busbars. There is an adjustable compensating winding on the 
alternating-current magnet connected through a current trans¬ 
former to the principal lighting feeder. The object o{ this 
winding is to raise the voltage of the alternatiug-current busbars 
as the load increases. The alternating-current control magnet 
has a movable core and. a lever and contacts similar to those o! 
the direct-current control magnet, and the two combined pro¬ 
duce what is known as the floating main contacts,” 

Idle relay consists of a U-shaped magnet core having a dif¬ 
ferential winding and a pivoted armature controlling the con¬ 
tacts which open and dose the shunt circuit across the exciter 
field rheostat. One of the differential windings of flic relay is 
permanently connected across the exciter busbars and tends to 
keep the contacts open; the other winding is connected to the 
exciter busbars through the flouting main contacts and when the 
latter are closed neutralizes the effect of the first winding and 
allows the relay contacts to short circuit the exciter field rheostat. 
Condensers are connected across the rela y emit nets to prevent, 
severe arcing and possible injury. 

Cycle of Operation. The circuit shunting the exciter field 
rheostat through the relay contacts is opened by means of 
a single-pole switch at the bottom of the regulator panel and the 
rheostat turned in until the alternating -current, voltage is re¬ 
duced 05 per cent below normal. This weakens both of tin* 
control magnets and the floating main contacts are dosed. This 
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('loses tin* relay circuit and demagnetizes the relay magnet, 
releasing the relay armature, and the spring closes the relay 
contacts, Tin* single-polo switeh is then el used and as the exciter 
field rheostat- is short-circuited the exciter voltage will at once 
rise and bring up the voltage of the alternator. This will 
strengthen the alternating-current and direct-current control 
magnets and at the voltage for which the counterweight has 
been previously adjusted the main contacts will open. The relay 
magnet will then attract its armature and by opening the shunt 
circuit at the relay contacts will throw the full resistance into 
t he exciter field circuit, tending to lower the exciter and alternator 
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voltages Tire main contacts will then be again dosed, the exciter 
field rheostat short-circuited through the relay contacts and the 
cycle repealed. This operation is continued at a. high rate of 
vibration» due to the sensitiveness of the control magnets, and 
maintains not a constant, but a steady exciter voltage. 

Fur larger installations the typo T A, form F regulator is 
generally used, an elementary connection diagram of this type 
being shown in Fig. lib This regulator has several relays, 
varying from two to twelve* in number according to the size, 
capacity and character of the exciters used. White the funda¬ 
mental principle 4 of operation of these regulators is the same as 
for the form A, as described above, certain modifications are 
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necessary in controlling two or more generators. As will be 
seen by reference to the elementary diagram of the form F 
regulator, relay No. 1 is connected across the field rheostat of 
one exciter, w 7 hile relays No. 2 and No. 3 are placed across sec¬ 
tions of the field rheostat of the second exciter. This is necessi¬ 
tated because the second exciter is of larger capacity than the 
first. Similar modifications are necessary in special cases, but 
the method of control by the rapidly moving main floating 
magnets and sensitive control magnets remains identical and 
maintains the same steady rise and fall in voltage required by the 
alternating-currrent system. 

Compensation for Line Drop. Compensation for line drop 
may also be obtained with these regulators. For ordinary instal- 



Fig 14—Connections of Automatic Regulator for Alternating- 
Current Generator, using Line-Drop Compensator. 


lations the compensating winding on the alternating-current 
control magnet is connected to a* current transformer in the main 
feeder. A dial switch is provided by which the strength of the 
alternating-current control magnet may be varied and the 
regulator made to compensate for any desired line drop up to 
15 per cent, according to the line requirements. 

This arrangement is very satisfactory for general use, but where 
the power-factor of the load has a wide range of variation, as 
in long-distance transmission lines, better results can be obtained 
with a special line-drop compensator adapted to the regulator. 
This compensator, see diagram Fig. 14, has two dial switches 
with many taps to the resistance and the reactance in the box 
so that it can be adjusted to compensate accurately for line 
losses with loads of varying power factor. 
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Systems, in larger stations with a number of alternators, the 
yyncrn} practise has been to j rovide t wo or more exciters opera- 
bog in parallel and controlled by one eon mum voltage regulator 
b\’ a suitable arrangement of equalizing rheostats. The eon- 
neet ions ol sueh a system are shown in Fig. If>, 

A system using T A regulators for preventing eross~currents 
between generators operating in parallel is shown in the diagram, 
Hg. b>* This particular arrangement covers two generators 
operating on se| >arate buses provided with a tie-line. With the 
tie-switch closed, however, the condition will be the same as 
it both generators operated in parallel on one bus. One exciter 


! f S’ , ‘ ’ • ; I , ; | .. t i ^ _A,cu,um UAHS 

i ■ : • ■ , ‘ : 1 i i L.^v.J 

S’ ii » in i r Oft m I f Lj.!.t ; ; . 

[$ ..X] rifNfw*Tfl«k l 
AHfontA- 


rfMwrNftnm 



!!l ! •! 


nr i e rxcncn- 
i/xattH 

WWOATAT 


j 


. i i ..... 

j 1. 



KW, 

f 

d. 




Ido. 15 OnK AKRANOKMHST Ol * 1 EXTERNAL Con NNOTIONS OF Tvi'K 
T A PoiOJ F k Kmnvmu. 


witlt its own regulator is provided for eaeh generator, and the 
current and potential transformers art* connected 90 deg. out 
o( phase with each other, so that if cross-currents tend to flow 
between the generators, the regulator will reduce these cross¬ 
currents by strengthening or weakening the field of tin* generator 
to which the regulator is connected. 

Cut-out Relay . This relay has been devised to be used in 
connection with T A regulators for guarding against short- 
circuits and voltage rises in transmission systems. If a voltage 
regulator is used and a short-eireui l should occur somewhere on 
the system, for example in the transmission lines, the action of 
the regulator would naturally be to deliver t he maximum excita- 
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tion to the fields of the exciters and generators, so as to keep up 
the voltage of the system. This in turn necessitates that the 
governors of the prime movers be wide open, and if the short- 
circuit should be suddenly relieved, the voltage often rises to 



Fig. 16—Connections of Two Voltage Regulators Operating in 
Parallel with One Arrangement of Two Exciters not in Parallel 


50 WATT 



F IG . 17—Connections of High-Voltage High-Current Cut-out 
Relay with Voltage Regulator and One Exciter. 


very high values, owing to the time element involved in closing 
the governors and in demagnetizing the fields. The connections 
for a high-voltage, high-current relay operating in connection 
with one exciter and one T A regulator are shown in Fig. 17. 
The relay is provided with a current coil and a potential coil, 
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is for use where the excitation for the generators varies con¬ 
siderably, and where at the same time it is desirable to maintain 
a constant pressure on the exciter busbars, so that current 
can be taken therefrom for lighting, operation of relays, oil- 
switch mechanisms, etc. 

An elementary diagram of this system is given in Fig. 21. 
By referring to the diagram it is seen that three buses are provided, 
the upper, which can be called the field bus, while the others 
may be called the exciter buses. A motor-driven booster is 
connected across the two upper buses as shown, its object being 
to boost or buck the exciter voltage and* thus vary the voltage 
applied across the generator fields in proportion to the required 



Fig. 21 —Connections of Voltage Regulator with One Ar¬ 
rangement of Two Exciters in Parallel in Conjunction with 
Storage Battery and Booster. 

excitation, without, however, • varying the exciter busbar 
pressure. 

The boosting or bucking action of the booster is effected by merely 
reversing its field, this in turn being accomplished by reversing 
the field of a small regulating generator or exciter which is direct- 
connected to the booster. One terminal of the field of the regu¬ 
lating generator is connected to the middle point of a storage 
battery which is connected across the exciter busbars, while the 
other terminal of the field is connected to a series of resistances 
as shown in the diagram, this series of resistances also being 
connected across the exciter busbars. The connection is made 
between Ri and R 2 and a T A regulator is connected across the 
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terminals of resistance AT The object of the storage battery is 
simply to provide for a neutral point, and a resistance could 
equally well be provided, although it would not be so efficient. 
The values of the resistance units are such that Ri > R* and 

AT + R z > R i. 

The operation is as follows: In ease the alternating-current 
busbar voltage fends to drop, the main contact circuit of the regu¬ 
lator will close, this in turn (‘losing the relay contacts and short- 
circuiting resistance AT As resistance Ah is greater than i? 2 , 
the excitation current for the regulating generator field will 
flow from the lower bus, through resistance Ah, then through 
the field and hence through the upper half of the storage bat¬ 
tery to the middle bus. This will cause the booster to raise the 
voltage of excitation, thus increasing the pressure of the alter¬ 
nating bus, until it. reaches the value for which the regulator is 
adjusted. At this instant the regulator main contact circuit 
opens, thereby opening the relay contacts, thus releasing the 
short circuit across the resistance AT The resistances Rn + R», 
being greater than Ah, will cause the field current of the regula¬ 
ting generator to flow from the lower bus through the lower half 
of the battery, then through the field and hence through resist¬ 
ance Ah to the middle bus, thus in opposite direction to which it 
was flowing before, hi vis will also reverse the booster field, caus¬ 
ing it to lower the voltage applied to the generator fields and the 
alternating-current, busbar voltage will drop. 

This action of opening and closing the regulator main contact 
circuit takes place at the rate of from 300 to 000 times per 
minute, thereby insuring a perfectly constant voltage across the 
allermiting-eurrent busbars. If line compensation is desired, 
it, can also be arranged for in the same manner as previously 
mentioned under T A regulators. 

Thury Regulators, The Thury regulator which is generally 
used in Europe is primarily intended to keep the generator 
voltage constant by regulating the field resistance. In order to 
combine rapidity and reliability of action with sensitiveness, the 
field rheostat is not actuated directly by the fluctuations in 
voltage, but is operated by a small electric motor of about 1/20 
lap., the regulating mechanism being merely brought into play 
or stopped by the fluctuations of voltage. Fig. 22 is a diagram¬ 
matic sketch of the voltage regulator for alternating-current 
systems, being practically identical with that used in continuous- 
current installations. 11 is a toothed wheel keyed to the shaft 











1912] 


RUSH MORE: EXCITATION 


1S63 


L which carries the switch ami of the rheostat. D is a casting 
which is rocked to and fro about the shaft L by the miniature 
motor referred to. The pawls I and /' are attached to D in 
the manner shown, but are held off the toothed wheel by the 
spring-actuated levers K and K\ Each of these two levers 
carries a projection at its upper end; the projection on K passes 
normally above the blade C, while that on K' rocks to and fro 
underneath this blade. Consequently, when the blade C is 
lowered or raised in the manner presently to be described, it 
will strike against K' or K respectively, thus permitting pawl T 
or I to drop into the teeth of the wheel H. The latter is now 
rotated in the one or the other direction—thus cutting in or 



Fig. 22—Diagrammatic Sketch of Thury Regulator. 

cutting out field resistance—until the blade C regains its hori¬ 
zontal position, when it no longer strikes against K or K '. Pawls 
I and I' are then drawn by spring-action out of contact with the 
teeth of the wheel H. 

The electromagnetic mechanism for controlling the position 
of the blade C is as follows: P is one of the limbs of the lamina¬ 
tions which constitute part of the magnetic circuit through which 
a flux is maintained by the coil F. A very light coil B , connected 
across the busbars whose voltage is to be controlled, is free 
to move up or down above F, the movement being limited by 
adjustable stops b and b'. When the voltage of the supply is 
normal, the current through B is such that the lever E carrying 
the blg.de C is in a horizontal position, and nothing happens. 
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But when the supply voltage is higher or lower than the normal, 
then a correspondingly larger or smaller current flows through 
the shunt coil B, which rises or falls in consequence and causes 
the blade C to move into the way of the oscillating levers K and 
K thus actuating the rheostat as previously explained. 

The coil B moves against the tension and compression of the 
two springs /I and R r the latter being, in its turn, attached to the 
free end of a flat spring, (), fixed, at S. The free end of () is also 
in connection, through the intervention of a dash-pot N, with 
the pivoted lever ilf, which lakes up a position in accordance 
with the position of the switch arm by means of the gearing 
shown. This arrangement tends to steady the removal of coil 
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B and to bring it back speedily to its horizontal position after 
having been deflected, In ortJcr to prevent vibrations of the 
blade C in regulators for alternatingmurrenf, or where* the 
regulation is required to be unusually sensitive, a dash-pot, Q t 
is also provided. 

Chapman Regulator. This regulator, a connection diagram 
of which is shown in Fig. 23, is composed of three distinct parts, 
viz., a voltmeter, or relay, for detecting small changes of voltage; 
a rheostat to connect into the field magnet circuit; of the generator 
to be regulated; and a pair of working solenoids to operate the 
rheostat. 

The voltmeter, or relay, consists of a coil of wire wound on a 
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brass spool. Inside of the coil is a thin iron disk pivoted at 
opposite ends of its diameter. The tendency of the coil is to 
move this disk to an angle of 90 deg. with itself, and this force is 
opposed by a spring, the tension of which is adjustable by a 
thumbscrew below the coil. The turning of this thumbscrew 
thus enables one to adjust the voltage of regulation. The disk of 
the relay has a platinum-tipped spring attached to it which is 
arranged to make contact with one or another of two platinum- 
tipped screws and these admit current to one or another of two 
working solenoids. The platinum points are protected from dust 
by a metal case with glass top fitting on the top of the brass 
spool. A resistance lamp is placed in circuit with the relay coil, 
the resistance of the lamp being many times that of the coil. 

The rheostat part of the regulator consists of a set 
of resistance units in the smaller sizes of regulator and of 
cast-iron grids in the larger sizes. The resistance units are 
connected to a set of contact segments arranged in the arc of a 
circle on the face of the regulator, and a lever arm carrying the 
contact shoes moves as a radius to the circle. The contact shoes 
are pivoted to the lever arm and held in contact with the seg¬ 
ments by coil springs. 

The lever arm carrying the contact shoes is part of a beam 
lever that has the cores of the working solenoids pivotally con¬ 
nected to its two ends. These working solenoids are consuming 
no current except when the regulator is called upon to act, 
and they are, therefore, in circuit only a small portion of the 
time. These solenoids have two windings, a primary and a 
secondary, both wound in the same direction. The primary 
winding alone is fed with live current, while the secondary has 
a current induced in it just at the instant of rupture of the 
contact points, and the induced current, being in the same direc¬ 
tion as the live current, prevents the formation of an induction 
spark at the points of contact, and these points, being sparkless, 
will last indefinitely. 

An adjustable dash-pot is attached to one side of the apparatus 
at the bottom. This adjusts the quickness of movement of the 
regulator to correspond with the characteristics of the generator 
to be regulated. This dash-pot consists of a brass tube having a 
spline extending its whole length on the inside. A groove in 
the piston fits this spline, and whenever the tube is turned it 
turns the piston also, and opens or closes ports in the piston, 
which allow a more or less free passage for oil from one side to 



18C6 


RUSH MORE: EX CIV A T10N 


[J une 28 


the other of the piston. All that is necessary in order to adiust 
the dash-pot is to turn the containing tube by hand. 

The relay of this regulator can be compound-wound and may 
thus be made to compensate for line loss. There is also another 
way of compensating for line loss which in some instances is more 
feasible than compounding the regulator, and that is to connect 
the relay of the regulator directly to a pair of potential wires 
coming back from the center of distribution. 

Booster System. A system used in Europe is shown in Fig. 2d. 
The main feature of this arrangement is a constant exciter bus¬ 
bar pressure, while the voltage for the generator field excitation 
can be varied by means of varying the excitation of a booster 
connected in series with the generator field circuit. 



The system consists of two or more exciters dri ven by separate 
piitnc movers and adjusted to keep a constant, exciter busbar 
pressure. Their design, however, is such that, by manipulating 
their rheostats a considerably higher voltage than normal can 
be obtained. This is in order to permit of charging a storage 
battery, which is done from one of the exciters, this being con¬ 
nected to a charging bus so as not to interfere with the busbar 
pressure. 

In order to vary the voltage across the generator fields one 
booster regulating generator is provided for and direct-connected 
to each main generator. It is connected in series with the gen¬ 
erator field, and the booster field is also excited from the exciter 
busbars as shown in the illustration. By reversing and varying the 
booster field, which is generally done by a manually operated 
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controller, it is possible to vary the field excitation considerably— 
in one particular instance from 0 to 440 volts, while the exciter 
busbar voltage is kept constant at 220 volts. 

Different Exciter Arrangements 

Number of Units. The standard practise for larger stations 
has in the past been to provide two or more exciters operating 
in parallel, and of sufficient capacity to excite all the generators 
in the station. In many installations one or more spare units 
have also generally been provided as reserve, the number depend¬ 
ing on the capacity of the generating equipment. 

In some of the recent developments, however, individual ex¬ 
citers are provided for each main generator, each exciter having 
a capacity sufficient for exciting its own generator only. The 
exciters are not arranged for parallel operation, but the main 
generators are generally operating in parallel, being arranged for 
connection to a common bus, which, however, can be section- 
alized if desired. 

Method of Drive. Exciters driven by independent prime 
movers, either waterwheels or steam engines, are generally 
found in almost all large installations. While in some modern 
developments they are used entirely for furnishing the excitation, 
in others they are generally kept as reserve, and the excitation is 
normally obtained from motor-driven units. It is obvious that 
a material saving can be accomplished by reducing the number 
of exciters driven by separate prime movers to a minimum. This 
is especially true in hydroelectric developments where the cost 
of the hydraulic part of such an equipment is very high. Separate 
pipe lines are preferable for the exciter turbines as the tapping 
of the penstocks for the main units may seriously interfere 
with the constant speed of the exciters, due to the fluctuating 
water supply for the main units, as the load varies. 

A view of a station containing two 400-kw. 250-volt vertical 
waterwheel-driven exciters for exciting a number of large 
generators is shown in Fig. 25. 

Another method of drive is to have the exciters either direct- 
connected or belted to the main generators. One of the objec¬ 
tions to this method is the speed variation of the main units, 
which naturally also affects the exciters. Another objection is 
that a trouble in the exciter unit involves the shutting down of 
the large generating unit. Couplings, etc., can, however, be 
provided, for readily disconnecting the exciter from the main 
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units, and the generator can be excited from the other exciter 
units, which can be provided with some reserve capacity over 
what would be required for normal operation. A generator 
of the horizontal design with a direct-connected exciter is 
shown in Fig. 20, and one of the vertical design in PiK- 27. 

The system whicli seems to be most generally used is the one 
whore the exciters are driven both by prime movers and motors. 
While both drives are occasionally used at the same time by 
coupling the turbine or engine to one end of the exciter and a 
motor to the other, separate drives are, however, mostly used. 
In case of the combination method either the prime mover or 
the motor will have to run idle, unless methods are provided 
for mechanically disconnecting them from the exciter. 

With separate drives, enough motor driven exciters are gen¬ 
erally provided for exciting the total generating capacity and 
the exciters driven by prime movers are used as reserve and in 
starting up the system. 'Phis arrangement will therefore give 
two independent sources of excitation, and in larger stations 
it, might even be advisable to provide two or more exciters 
driven by prime movers. 

In certain of t he recent installations one small induetion-motor- 
driven exciter is provided for each generator, the current for the 
motors being supplied by separate alternating-current low-voltage 
generators, driven by independent prime movers so as to insure 
a perfect operation, free from fluctuations in speed. Sometimes 
provision is also made, whereby these auxiliary generators can 
be driven by motors connected to the main buses, or also 
whereby the motors of the exciters can be connected through 
transformers and also fed from the main busbars. A small 
induction-motor-driven exciter set is shown in Fig. 28. 

Different Systems of Connection . The system of connections 
for an exciter equipment varies widely in different installations 
depending upon the layout of the station, the number of units, 
the method of drive and other special requirements which must 
be provided for, such as lighting, storage battery charging, etc. 
It is therefore difficult to give specific rules for any particular 
system to be selected, but in the following will be given a des¬ 
cription of a number of systems which are in general use. 

The diagram shown in Fig. 29 represents a system where 
three prime-mover*drivcm exciters, operating in parallel, are 
feeding into one common exciter bus extending along all the 
alternating-current generators. Each generator Held is then 
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connected directly to this bus, the pressure of which is generally 
regulated by means of automatic regulators, although it can also 
be done by manual manipulation of the exciter rheostats, in 
each generator field circuit is also provided a rheostat so t hat a 
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separate adjustment of the field excitation for the different 
generators can 1 >e aee<unpllshe< 1, 

In big, M) are shown the eonneetioos of another system 
in which the exciters are also operating in parallel on a rone 
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mon excitation, but where they are driven by induction 
motors fed from the low-tension main bus. Two buses are 
shown for the motors, one being the running bus and the 
other the starting bus, the reduced voltage of which is ob¬ 
tained from taps of an auto-transformer. In a system of this 
kind some means must be provided for obtaining direct current 
when starting up the system. For this reason a small exciter 
s usually installed, being sometimes driven by a gasolene engine 




or also belted to one of the main units. A storage battery would 
of course also serve this purpose well. 

A system using both a separate waterwheel-driven and a motor- 
driven exciter is shown in Fig. 31. The waterwheel-driven ex¬ 
citer is then generally used when starting up and for reserve, 
while the motor-driven unit is used for normal operation. Both 
units can, of course, be operated in parallel if desired. 

A system of more flexibility is shown in Fig. 32. Two positive 
and one negative exciter buses are provided and by means of 
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double-throw switches it is possible to connect the exciters to 
either bus and also to excite the generator fields from either bus. 
If it is desired, two different exciter voltages can be maintained 
by operating one exciter on either bus. One exciter can also 
furnish the current for the excitation and the other the current 



for lighting, etc* The fluctuation in the exciter voltage caused 
by an automatic regulator connected to the firstnamed machine 
would therefore not be felt on the auxiliary or lighting bus, 
the pressure of which could be kept constant, A similar arrange¬ 
ment is shown in Pig, 83, with the exception that both sets of 
buses are double-pole. 
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In the arrangement shown in Fig. 34 one motor-driven exciter 
is provided for each generator. The exciters are not intended 
to operate in parallel and one automatic regulator is provided 
for each exciter. In general, the reason for operating a number 
of units with the exciters not in parallel is on account of the pos¬ 
sibility of an accident. In systems where one or more large 
exciter units are provided, the operation of a large part of the 
system may be materially affected if one exciter unit is shut 
down, while, in the event one of the smaller units becomes dis¬ 
abled, the operation of the system will not be affected to such 
a great extent. 

The possibility of compensating for cross-currents between 
the machines, as previously explained, is also one of the reasons 
for selecting this system. 



Fig. 35 


The motors driving the exciters are fed either from the mam 
bus or from the two auxiliary waterwheel-driven generators, 
thus giving two independent systems. In another installation, 
the auxiliary generators are provided with combination drive, 
ie„ they can be driven either by waterwheels or by induction 
motors fed from the main buses. In this particular ease, how 
ever, the individual exciter sets are not intended for being dm en 
directly from the main buses as m the systems shown m g. 
34 

Storage Batteries. The use of storage batteries in connection 
with exciters has of late been increasing considerably 
advantages of such a combination are obvious, as, with the failure 
of the exciters for some reason or other, the storage a ery wou ^ 
automatically keep up the excitation. The storage ba y 
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generally floating on the exciter buses, the pressure of which is 
kept constant. A separate exciting bus is provided and between 
this 1ms and one of the exciter busbars a booster is installed 
which can be operated to either raise or lower tin* voltage, its 
field being controlled by am automatic voltage regulator. The 
voltage fluctuation is therefore entirely on the exciting buses, 
being eattsed by varying the booster voltage by means of t he 
regulator, while the voltage of the exciter busbars is kept con¬ 
stant. 

In ease of failure of the exciters the excitation would he fur¬ 
nished by the storage battery, and the booster in connection 
with the regulator would take care of the voltage regulation. 
Should the booster be disabled, provisions are made whereby it. 
can be short -circuited and t he system operat ed without the 
regulator. 

In the diagram, Fig. Tm are shown the connections of such 
a system. 

The author desires to acknowledge the assistance of Mr. 1C. A. 
Lof in t he preparation of this paper. 
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Discussion on “Excitation of Alternating-Current 
Generators ” (Rushmore), Boston. Mass., Tune *>S 
1912. ' ' ? 

B. G. Lamme: I have only a few points to bring up in 
connection with this paper. On page 1842 is a table which I 
did not understand. For example, the constants given for 
single-phase and three-phase windings do not agree T and yet 
very frequently three-phase windings are used to give single¬ 
phase. However, I may not understand how these constants 
are used. In the method of calculation which I have been using, 

I do not have any fixed constants. I first work out the magnetic 
field distribution. From this I then derive the constants for 
each individual case. The use of a constant is all right in the 
hands of a skilful designer, if he knows how it is derived, but in 
special designs it is likely to be misleading. The table given 
probably refers to a standard type of machine in which the 
constant has been determined, and has been proved to be 
constant in all cases. 

A second point is the value of K Wy the winding-pitch factor, 
that is shown on page 1843. The curve shown is part of what 
. is practically a sine curve. It is so close to a sine that itis almost 
impossible to find the difference. 

On page 1845 the “ Range of Excitation ” is referred to, where 
it is stated that “ with 125 volts excitation, the voltage should 
therefore not be allowed to exceed 125 volts at maximum load, 
80 per cent power factor, and the corresponding no-load exci¬ 
tation should be about 70 volts.” That statement can apply 
only to fairly well regulating machines; but for high-speed 
machines such as turbo-alternators where the regulation is made 
purposely rather bad, the ratio of 70 to 125 is much too small, 
and we find in practise that 50 volts at no-load is about right, 
with 110 at full load, which leaves a little margin for rheostat. . 

On page 1847, “Exciters with Commutating Poles,” it is 
stated, “ The reason for this is generally due to the fact that a 
commutating-pole machine, when fiat-compounded at l-o \olts, 
has a rising characteristic when operated at voltages less than 
normal.” I think that, while that is frequently true m practise, 
it is not necessarily true; because it is due partly to the tact that 
a machine at 125 volts is usually worked farther oyer the bend 
of the saturation curve than at lower voltages. Part of the over¬ 
compounding may be due to the presence or absence ot local cur¬ 
rents in the coils short-circuited by the brushes. Vv hen a machine 
with commutating poles is operated as a motor, and the commuta- 
ting poles are over-excited, the mam field of the machuB ^ wak¬ 
ened as the load goes on, due to the local cuments under tht 
brushes. If it is operated as a generator the loca-mrag. “ 
tend to strengthen the field and compound it At 80 
stance, the magnetic circuit is less saturated than - r 
If part of the saturation lies m the yoke of the machine, 
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usually the case, then this saturation will alYeet the magnetic 
eireuit of the commutating pole, and more commutating pole 
ampere-turns are required at 12a volts than at SO volts. There¬ 
fore the commutating pole will he over-excited at the lower sat¬ 
urations, .and the local currents will tend to compound the 
machine. Hut I have seen many machines in which there was 
no evidence of this compounding action. 

On page !S(i7 reference is made to the vise of one exciter 
for each generator. That has been the practise in many large 
Ktiropeati stations, hut judging from my experience, it," is not 
an advisable arrangement in general. I ‘think a bet ter scheme 
is to put, in one or two large independent exciters, to excite all 
the machines. However, if individual exciters are used, they 
can be adjusted to operate without rheostats in tin* main fields. 
With turbo-alternators, however, the total loss in the exciting 
circuit is generally so low that the rheostatic loss does not 
make much difference. There is some demand for large turbo- 
alternators with an exciter with each machine, but it. is a practise 
that. I do not. think is right, and I have objected to it, so far 
as I cm?Id, 

H* M. Hobart; I Iris iMorning there seemed to In* a pretty 
f'onml agreement that it was hotter to have the ventilating 
apparatus distinct front the generator; that the generator could 
thou hr designed st.i a s to In* hot tor for its purpose, and 
tho ventilating .apparatus for its purpose, 1 think the 
aamo argument applies in tho ease of the exciter. The plan of 
on i ploy inn direct-eon nee ted exciters is vory disadvantageous, 
from various sntmlpoiuls. It in hard to conceive of a worse 
practise, for obvious reasons whieh I will not hike time to 
review. It is desirable to ascertain whether there is any dearly 
defined common agreement among engineers who .have, studied 
the subject thoroughly, as to having independent exciters. 
Mr, Lai nine has voiced Jus opinion that that is the only reason¬ 
able thing to do, and it others would give their support to this 
plan I think it would help to discourage men from concluding 
that their individual requirements would justify them in using 
direel-CKmneeied exciters, 

J* Lester Woodbridge: On page* 1817 the statement is made 
that compound exciters are preferable,, the main reason for this 
being t hat better parallel operation is obtained with compound 
windings, this being especially true when* two or more machines 
of different sixo are to he operated in parallel I suppose that 
refers to the question of stability, or the equal division of load 
between two machines, but 1 do not see how compound winding, 
that is, the series windings, can improve the stability over 
what would be obtained with shunt-wound machines, connected 
in parallel The cause of instability in compound-wound 
machines operating without equalising‘connections is the fact 
that if any disturbance occurs in one machine, such as a change 
in speed, whieh causes local currents to circulate between the 
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machines, the result is aggravated by the series windings. By 
using the equalizing connection, the same stability results as is 
obtained with two shunt-wound machines without the series 
winding, provided the equalizing connection has practically 
zero resistance. Any departure from this last assumption intro¬ 
duces some instability, due to the fact that some of the local 
current will flow through the series windings. Therefore 1 
do not see how any better stability can be obtained with the 
compound winding than is inherent in two shunt-wound machines 
operated in parallel. 

E. A. Lof: With regard to Mr. Lamme’s remarks as to the 
advisability of using a few large units rather than a number of 
small ones, there may also be objections to such an arrangement. 
In one large central station the exciter equipment consists of 
both waterwheel-driven and motor-driven exciters, the latter 
being intended for the normal operation. Considerable trouble 
has been experienced from the motor-driven unit falling out of 
step, thus shutting down the whole system. This, however, 
might not have been the case if the exciter unit had been driven 
by an induction motor instead of a synchronous motor. With 
a number of small motor-driven exciter units, preferably operated 
from a separate alternating-current source, such a complete 
shut-down would, of course, be very remote, and this is evidently 
the reason why such a system of excitation has been provided 
in a number of recent installations of the largest capacity. 
In one particular plant which contained two or three large 
exciters the original equipment has been discarded and one 
small motor-driven unit has been installed for each main genera¬ 


tor. _ , . 

With reference to the single-phase slot factors, these values 
are under the assumption that the winding is distributed over 
the whole armature. If part of the slots are not occupied, the 
breadth of the winding is reduced and the values should be 
increased to approximately those given for a two-phase winding. 

B. G. La mm e : In my remarks I did not refer to a number 
of small exciters as compared with a large one, but to two large 
exciters direct-connected with the generators. # 

Lester McKenney: I wish to emphasize the necessity, where 
automatic voltage regulators are to be installed, of using exciters 
designed especially for the purpose. It is of the greatest im¬ 
portance that the exciters have a voltage range considerably 
in excess of the maximum excitation requirements, that the 
range of excitation required by the alternator be narrow and 
that the time element of the alternator and exciter combi 
be as short as possible; as upon these things, largely, depends 
the success of automatic voltage regulation. _ . , 

A considerable margin of exciter _ voltage is desirable, as 

when the maximum voltage of the exciter is called f° r -^.e relay 
contacts remain closed and voltage regulation is no longer ob¬ 
tained. When operating near the maximum voltage the density 
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in the fields becomes high and large variations in field current are 
required for small variations in voltage, the time element is 
increased, and the operation becomes in general unsatisfactory. 

A time element of less than from four to six seconds is desir¬ 
able, providing it is not obtained by the use of excessive resist¬ 
ance in the exciter field rheostat, which greatly increases the 
duty of the relay contacts and impairs the operation of the 
regulator. The series field excitation should be limited to about 
30 per cent of the total, as with higher percentages shunt field 
rheostats of excessive resistance are required for reducing the 
exciter voltage to* the required minimum in a reasonable length 
of time. 


In a great many cases, where automatic voltage regulators 
have been installed, the results have been disappointing, due 
to the lack of a proper appreciation of the instantaneous effect 
of the armature resistance and reactance upon the alternator 
voltage and of the effect of the time element introduced by the 
inductance of the alternator and exciter field windings. When 
these points are given consideration it will be evident that 
momentary fluctuations of voltage are to be expected during 
unusual disturbances. 

It would seem, other things being the same, that compound- 
wound exciters would he somewhat more sluggish in their action 
than shunt-wound exciters, due to the damping effect of the 
local circmtformed by the series field winding and the external 
shunt, this, of course, applies only in automatic voltage 
regulation where the exciter field strength is varied as rapidly 
as possible from one value to another. 1 * 

It is advisable, where belted exciters are used in connection 
with automatic regulators, to make the pulleys of more liberal 

excffeJare s^W?? “ °. rdil ? ar y applications, as the 

in time oft rouble g eXCltatlon and ^ eater overloads 
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LOCALIZERS, SUPPRESSORS, AND EXPERIMENTS 
Application of Localizers of Faulty Feeders and an 
Arcing Ground Suppressor to the System of the 
Public Service Electric Co., and Descriptions 
of Several Experimental Studies 

BY E. E. F. CREIGHTON AND J. T. WHITTLESEY 

The object of this paper is expressed briefly in the title. The 
localizer is a special type of relay which is connected to the 
current transformers of each feeder. When an accidental con¬ 
tact or arc occurs between one phase and ground on any feeder, 
the localizer of that feeder lights a signal lamp and sounds an 
alarm in the switchboard room. 

The localizer is part of the general scheme of protection of 
cable systems. It is used especially in connection with the 
arcing ground suppressor.* The arcing ground suppressor 
extinguishes an accidental arc from one phase to ground in a 
small fraction of a second after it forms. The localizer indicates 
the feeder that is faulty. The switchboard attendant may 
leisurely substitute a spare feeder for the faulty one and clear 
the circuit of the fault without an interruption of service. 

The Public Service Company of New Jersey covers the entire 
state. There are three systems, namely, the northern, middle 
and southern. The tests were made on the northern system. 
On this system are both overhead and underground transmis¬ 
sions. There are 47 miles of cable operating at 60 cycles, as 
much more at 25 cycles, and 32 miles of spare cable. There are 
72 miles of open wiring on poles used exclusively on the 60-cycle 
system. The generated potential is 13,200 volts and the gener¬ 
ators are directly connected t o the lines. There are several 

*See Transactions, A. I. E. E., 1911, Vol. XXX, I, page 257. 
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power plants and two systems at different frequencies which are 
operated together at times through a frequency changer. All 
the tests herein described, however, were made at the Marion 
Station, using only one generator of 9000 kw. capacity. 

Some idea of the extent of the 60-cycle system may be gleaned 
front the value of the electrostatic grounding current. When a 
contact is made between one phase and ground the unbalanced 
condenser current rises to 60 amperes (measured). The momen¬ 
tary rush of current to ground is, naturally, many times greater. 

The Remarkable Changes in Potentials by Grounding . When'* 
there is no ground on the system the potential from each phase 
to ground is the Y potential (7600 volts). This is shown in 
Fig. 1 by the lines 01, 02 and 03. When phase 2 is brought 
in direct contact with the ground its potential to ground is 
zero and the potentials of phase 1 and phase 3 to the ground is 

tne delta potential, 13,200 volts. 
Without special consideration one is 
inclined to assume that when there 
is a medium value of resistance in¬ 
terposed between phase 2 and ground, 
the potentials to ground will be 
represented by some such inter¬ 
mediate values as phase 1, phase 
2 and phase 3, Fig. 1. This, how- 
Fig. 1 ever, is far from true. This was 

first noticed from the behavior of the 
selective relay of the arcing ground suppressor. When one 
phase of a circuit was grounded through a relatively high 
resistance there was no movement of the corresponding arm of 
me selective relay, but the arm corresponding to one of the 
other phases moved toward its contact. Much to our dismay 
we tound that this effect promised to put a limit on the maxi¬ 
mum sensibility at which the selective relay could be set to 
operate. 



The actual potentials from each phase to ground are shown in 

J?' " aU 7v U6S ° f §roundin S current. These measurements 
were obtained by varying the resistance from phase 2 to ground 

° f a water rheostat - A remarkable condition is shown. 
ZF n t ; he r f S ! a 7 e is gradually decreased from an infinite 

cW p h R P f°2 ° f the grounded P hase shows scarcely any 
change. But the potential of phase 3, which is not being grounded 

shows a gradually diminishing value until the currentdenotes 
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16 to 20 amperes, then it gradually increases. Over the total 
range of grounding current, the potential of phase 1 to ground very 
consistently increased, but not along a straight line. Before a 
dead ground is reached the potential of phase 1 rises to a value 
actually greater than the delta potential of the circuit. When 
the resistance to ground reaches zero, phases 1 and 3 both assume 
the delta potential. In considering the potential of phase 3, 
attention is directed to the impossibility of setting the selective 
relay for a drop in potential of less than 19 per cent, as such a 
setting would cause the relay to close the wrong switch of the 
arcing ground suppressor. This condition of the relay applied 
to cable systems has no significance, nor importance. Faults 



Fig. 2—Variation in Voltage of Each Phase to Ground as Cur¬ 


rent, Phase 2 to Ground, Varies. 

Curves from test data, leadings 27 to 49, Aug. 22, 1911. 


in a cable develop immediately into a condition of low resistance. 
This matter of resistance of accidental grounds will be treated 
in more detail farther on in the paper. 

The volt-ampere relation of the different phases relative to 
earth are shrouded in a mist of mystery when plotted in rectan¬ 
gular coordinates. This mist is immediately dissipated if the 
plot of the data of potentials is made on a triangle of the 
three phases. As a basis to justify this method we know from 
measurements that the generator continues to generate the same 
potential between phases independent of the presence or absence 
of an accidental ground. Since we are not treating of transient 
effects at present, it must be understood that the foregoing state¬ 
ment is not intended to apply to the first-instant that a ground 
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appears. Under normal conditions of load, then, the delta 
potentials are not materially disturbed by a ground on one 
phase. This means that the points 1, 2 and 3 of the triangle in 
Fig. 3 are fixed and the potential of each phase to ground may 
be plotted from its corner. Since the earth potential itself is 
the same for all three phases, the length of the lines from the 
three corners must meet in a point. Plotting the simultaneous 
potentials of the three phases gives a semi-circle on the Y 
potential as a diameter. For a particular condition of resistance 
to ground the point p is given. The potential from phase 1 
to ground is represented by the length of the line 1 p. The 
direction of this line indicates its phase relation. Likewise the 
potential from phase 3 to ground is represented by the line 3 p. 
In the potential from phase 2 to ground, represented by the line 
2 p, it is known that the current is in phase with the electromotive 
force. This potential is in the drop across the resistance situated 
between phase 2 and ground. By actual measurement it was 
found that during these tests the generator continued to generate 
the normal value of Y potential which is represented by the line 
02. From fundamental considerations it is known that the Y 
potential 02 must be the vector sum of the resistance drop p 2 
and the reactance drop Op. 

Since there is no inductance in this circuit the angular dis¬ 
placement of the current, which is in phase with the line P 2, 
must be due to capacity in the circuit. 

The question arises, which electrostatic capacity comes into 
play to cause this angular advance of the current? The capacity 
in question is evidently not the capacity of phase 2 to ground. 
Conditions are represented in a simplified form in Fig. 4. In 
this figure the capacities between the three conductors are not 
shown because the charging currents between conductors, except 
for transitory effects, remain practically constant whether a 
phase is grounded or not, since the potentials between the phases 
remain constant. In other words, an artificial separation of the 
different capacities is made for the sake of convenience. Return¬ 
ing to the consideration of phase 2, the resistance between this 
phase and ground is in parallel with its capacity to ground.' After 
the first moment, the current which flows in the resistance • 
comes directly from the generator and not from the condenser 
. I he current which flows through the resistance to the sheath 
returns to the generator through the condensers 1 and 3. The 
potential 0 p m the diagram Fig. 3 is the vector potential drop 
across the condensers in series with the resistance. 
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The current, then, that flows through the resistance from phase 
2 to ground, returns not only by phases 1 and 3 of the grounded 
cable but also by the same phases of all the other cables through 
their electrostatic capacity to ground. In this way it is seen, from 
one viewpoint, that current goes out from the generator on the 
phase of the grounded cable, to a value in this case of 60 amperes, 
and returns in a subdivided form by being distributed among all 
the cables. From another viewpoint, a cuiTent flows out in one 
of the current transformers of the grounded cable which does not 
return through two adjacent transformers on the other phase 
of the same cable. This makes the sum of the currents in the 
three transformers not equal to zero. This unbalanced condition 
produces the current in the localizer relay which causes it to 
operate. It should be noted 



The relations of the potentials to the current expressed in the 
rectangular coordinances of Fig. 2 are worked out mathematic¬ 
ally from the diagram of Fig. 3 and are given in the summary of 
this paper. It may be evident to some engineers that this whole 
matter could have been worked out symbolically. The experi¬ 
mental method used with the interpretation of the data is much 
more trustworthy than the symbolical method, however, on 
account of the difficulties in obtaining by abstract analysis all 
the factors involved. 

In Fig. 5 the conditions are shown for two values of resistance. 
When the resistance is very high then the potential from phase 2 
to ground represented by m 2 is nearly equal to the Y potential, 
and the current is nearly in phase with the Y potential. The 
potential 0 m across the condenser at this time is very small. 
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If further proof were required that the condenser involved is 
not the capacity of phase 2 to ground, it is given by this diagram 
of Fig. 5 when the resistance to ground is high, as in the case 
assumed. Then the potential from phase 2 to ground, which is 
the potential on condenser 2, is practically the normal Y poten¬ 
tial and not 0 m. 

When the resistance to ground is low then the potential across 
the condenser is 0 n and the potential across the resistance is 
n 2 . Since the condenser effect now predominates, the current to 
ground is practically 90 deg. in advance of the Y potential 02. 
At this time the capacity current has reached practically its full 
value, as the resistance is too small to affect it sensibly. 

Comments on the Tests 

These tests were made to investigate the applicability of the 
arcing ground suppressor to cable systems. It is of interest 
to note here that although the system was 
grounded more than 100 times by the arcing 
ground suppressor, no high potentials were 
caused. The condition of full ground was ap¬ 
proached very gradually. During this time 
needle gaps were placed between phases and 
from each phase to ground. Note was taken 
also of discharges on the lightning arresters. On 
one day at a particular time the lightning ar¬ 
resters in two stations discharged during the 
grounded condition. Every effort was made to 
reproduce these effects, but without success. p IG . 5 
The tests show that a contact ground on one 
phase of this system produces no abnormal potentials. The 
two non-grounded phases simply rise to delta potential 
above ground. The factor of safety in the insulation of the 
cables makes the application of delta potential harmless. Dur¬ 
ing the periods of grounding, which sometimes were purposely 
carried to several minutes’ duration, there were no disturbances of 
the power on the system, although there were synchronous 
machines in operation. During part of the time a two-phase 
system was connected to this three-phase system. This we believed 
would increase the possibility of surges, but no surge was noted. 

In making and breaking the grounds on the circuit, it is well 
known from volumes of theory on the subject of transients, 
especially the classical work by Dr. Steinmetz, that oscillations 
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will take place. 11 no resistance had been used one might look 
tor high potinitials fmm these oscillations. It is well to note that 
in every ease tin* grounds were made initially will) some resist¬ 
ance in series. In a torn nr paper before the Institute, on the 
arcing ground suppressor, the construction of the grounding 
switch is shown with a resistance in the oil pot.. As the con¬ 
tact blade descends it first picks up this scries resistance, which 
is designed to damp on I oscillations. An instant later after 
this ground lakes place the resistance is cut out bv a further 
movement of the blade which makes a direct contact between a 
phase and ground. In opening the switch the first movement 
of the blade throws the resistance in series again with the ground 
and when the contact, to ground is finally broken it is done 
through, the damping resistance in the oil pots. To this condi¬ 
tion in tin* protective apparatus we can attribute the immunity 

I . ' , ' ■ 

# f f ", 

f ; . 

? j j 

J a J 

■j .X 

(i) Cl I 
j; ^ . Y. 

Ido, 7 Ido, S 

from f.roubles, such as occur Imm the usual accidental ares to 
ground. The' value of the tur of tlie critical resistance in the oil 
pop; was evident when flu* arcing, ground suppressor switch was 
harmlessly made to pump open and shut rapidly for smite time, 

Osci pgnuRACHte Sin aim nr (Yukknis a no Potkntiai.s wttr.N 

TUP SVSTKM IS Hunt NPJ p StVCKSSlVPPV THKOPUIt \ 
!<KS|S1AN< P in I )un\ \U AM? I UK SWITCH UK 
Tlffc Ala i\o Ukuonp Htiiuuumson 
In making these oscillographic tests, two instruments were 
used simultaneously. One instrument had its vibrators num¬ 
bered 1, 2 and H; the other, *1 and a. 

For the first oscillogram, /TV. 7, lug. ft* the connections of the 
circuit, for the vibrators 1,2 and «i are shown in Fig. 7. 

The object of this test was to show the operation of the arcing 
ground suppressor. For vibrators -1 and 5 the connections are 
-Town in Fig, ll f and the oscillogram in Pig. 8, One vibrator 
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measured delta potential and the other vibrator measured cur¬ 
rent to ground through an aluminum cell connected directly be¬ 
tween the neutral of the generator and earth. 

Fig. 6. Oscillogram P.S. 7, Vibrators 1, 2 and 3 a. Phase 2 
of generator No. 8 was grounded. Generator No. 8 was not 
connected to the power system when this test was made. 

Upper Record: Vibrator 1.—Voltage of non-grounded phase to 
ground. 

Middle Record: Vibrator 2.—Current to ground through a resistance 
of about 300 ohms. This current is the electrostatic 
capacity current of the generator. 

Lower Record: Vibrator 3.—A circuit parallel to the one of the middle 
record from phase 2 to ground. This circuit was a 
single pole switch of the arcing ground suppressor. 

In this preliminary test a resistance of about 300 ohms was also 
placed in series with the switch of the arcing ground suppressor. 

Notes: The exposure on the film starts at a point at the 
right of the film marked zero time. At this instant both switches 
between phase 2 and ground are open, and therefore, the vibra¬ 
tors 2 and 3 show zero current and vibrator 1 on phase 3 shows 
normal Y voltage to ground (7740 volts effective.) 

The small lumps in this generator wave represent the 17th 
, harmonic. The 17th harmonic corresponds to 18 teeth per pair 
of poles. After about 2.75 cycles from the time marked zero 
time, the first grounding switch closes, connecting phase 2 to 
ground through about 300 ohms resistance. This is shown in 
the oscillogram by the disappearance of the zero line. Due to 
vibration of the contacts of the oil switch the record of vibrator 

2 is initially so broken as not to be clear. It becomes clearer, 
however, in its continuation at the left end of the oscillogram. 

When the first switch closes to ground the voltage of phase 

3 as indicated on vibrator 1 immediately jumps to approximately 
delta potential. This takes place in spite of the 300 ohms in 
series to ground. The electrostatic capacity of the generator 
is so small that the resistance of 300 ohms has very little effect 
in limiting the grounding current from reaching its full value. 
Note has already been made of the high value of the 17th har¬ 
monic. This harmonic is greatly magnified by the capacity of 
the windings of the generator. In a later oscillogram it wilt be 
shown that when the generator is loaded by being connected to 
the system the effect of the teeth of the generator in producing 
the 17th harmonic disappears. 

Coming now to a consideration of the arcing ground suppressor 
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switch as shown in vibrator 3—sixteen cycles (about \ second) 
after the first ground is put on the generator, the switch of the 
suppressor closes. The two circuits parallel to ground then 
divide the current between them. 

Fig. 8. Oscillogram P.S. 7, Vibrators 4 and 5. The general 
conditions of the circuit have already been described. 

Upper Record: Vibrator 4.—Delta potential. 

Lower Record: Vibrator 5 is the current from the neutral of the 
generator through aluminum cells to ground. There 
is no visible current to ground shown until the first 
switch closes. The higher current initially on this 
record is due mostly to the charging current of alum¬ 
inum cells. In a later oscillogram surges at the neutral 
will be shown in this circuit. 

Fig. 10. Oscillogram P.S. 10, Vibrators 1, 2 and 3. The 
electrostatic capacity current to ground with a strong 17th 
harmonic is shown more clearly by choosing only a small part of 
the oscillogram. This test is a repetition of the previous one 
described. The film velocity is somewhat greater in order to 
bring out the form of the harmonics. 

Upper Record: Vibrator 1 is the potential of phase 3 to ground. 

Middle Record: Vibrator 2 is the electrostatic capacity current of the 
generator from phase 2 to ground. 

Lower Record: Vibrator 3.—Zero line only is shown. 

Fig. 11. Oscillogram P.S. 11, Vibrator 4 and 5. Grounding 
of generator No. 8, not loaded. 

Upper Record: Vibrator 4.—The delta potential of the generator. 

Lower Record: Vibrator 5.—The current from the neutral of the 
generator through the aluminum cells to ground. 

Note: This oscillogram is reproduced especially on account 
of the initial surge that took place at the neutral the instant 
the generator was grounded. 

Fig. 12. Oscillogram P.S. 19, Vibrators 1, 2 and 3. This 
record shows the opening of the grounding switch when the 
generator is connected to the whole system. There were about 
500 ohms in series in the grounding circuit. 

Upper Record: Vibrator 1 is the voltage of phase 3 to ground. 

Middle Record: Vibrator 2 is the current from phase 2 to ground. 

Lower Record: Vibrator 3 shows only a zero line. 

Notes: Only the last half cycle of the current to ground is 
shown on this oscillogram, vibrator 2. When the current ceases 
in vibrator 2, vibrator 1 shows a distortion of its zero line which 
is probably due to a magnetic effect in the potential trans- 
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former. It should be noted in the small part of the cur¬ 
rent wave that is visible that since all the cables were con¬ 
nected to the generator and the normal load was being 
taken, the 17th harmonic disappears, leaving the current wave 
smooth. 

Fig. 13. Oscillogram P.S. 20, Vibrators 4 and 5. This test 
illustrates conditions while phase 2 is being grounded, first, 
through 25 ohms resistance, then, 16 cycles later, through the 
arcing ground suppressor switch, which in its final closed con¬ 
dition had no series resistance. 

Upper Record: Vibrator 4 was again the delta potential. 

Lower Record: Vibrator 5.—The current from the neutral of the 
generator through aluminum cells to ground. 

Notes: The only subject w T orthy of note in the wave of delta 
potential is the absence of harmonics. In the current from the 
neutral to ground (the lower record), the initial current rush is 
shown of comparatively small magnitude. After about 16 cycles 
the switch of the arcing ground suppressor closes and cuts out 
all the resistance in phase 2 to ground. Under this condition 
there is an unusual and remarkable, although harmless, surge of 
potential at the neutral which makes itself evident by consider¬ 
able current from the neutral to ground. This surge first in¬ 
creases, then decreases slightly, and then increases again, and 
decreases to zero. The cause of this surge was not found, and it 
could not be reproduced. Although many tests were made it 
appeared but one other time. It may have been due to an un¬ 
balanced condition which occurred only when the ground con¬ 
nection was made at a certain unknown poin t in the cycle of the 
generator wave. 

Fig. 14. Oscillogram P.S. 34, Vibrators 1, 2 and 3. This 
record demonstrates the operation of the arcing ground sup¬ 
pressor under normal running conditions of the loaded system. 

Upper Record: Vibrator 1 is the potential of phase 1 to ground. 

Middle Record: Vibrator 2 is the current from phase 2 to ground, 
through a contact intentionally placed on the circuit 
to start the operation of the arcing ground suppressor. 

Lower Record: Vibrator 3.—Current through the switch of the 
suppressor from phase 2 to ground. 

Notes: The potential of phase 1 to ground is shown initially 
at the middle of the film, where the record starts, at its normal 
value of 7600 volts. After about five cycles, the intentional 
ground was placed on the circuit. This shifts the neutral and 
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causes the potential of vibrator 1 to rise somewhat (9150 volts). 
Sixteen cycles later the arcing ground suppressor switch closes 
on its first contact and raises the potential from 9150 volts to 
11,750 volts. Four cycles later when the suppressor switch is 
entirely closed the potential of phase 1 rises to the delta value, 
namely, 13,150 volts effective. 

Following through the conditions of vibrator 2, the intentional 
ground to start the operation of the suppressor occurred about 
five cycles after the shutter of the oscillograph opened. There 
was a small resistance in series in this circuit from phase 2 to 
ground, which limited the grounding current to 42.5 amperes. 
After a duration of about 16 cycles the arcing ground suppressor 
switch partially closes and reduces the grounding current in 
vibrator 2 to 20.4 amperes, and when the suppressor switch 
closes entirely, four cycles later, it shunts out the current from 
this intentional ground which takes the place of the accidental 
ground in the operation of the device. 

Tracing now the zero recorded in vibrator 3, the suppressor 
switch contact touches the resistance one-fourth of a second after 
the first ground was put on the system—34.2 amperes flows 
through this resistance. The wave is perfectly smooth. The 
switch blade requires four cycles to pass through the resistance 
contact to its home contact. When this resistance is shunted out 
there is a slight momentary oscillation of grounding current of a 
frequency of about 480 cycles per second, which quickly dies out. 
During this test there was a discharge of the lightning arresters at 
Garfield substation and also at City Dock station. Note is made 
of this because of the impossibility of getting sufficient potential 
at any other time to cause a discharge of the lightning arresters. 

Study of Phase Relation of Three-Phase Potentials 
when One Phase is Grounded through More 
or Less Resistance 

Fig. 15. Oscillogram P.S. 42, Vibrators 1, 2, 3, 4 and 5. 
Oscillograms were taken with different values of resistance from 
phase 2 to ground. From these oscillograms are chosen the 
following: 


Oscillogram 

Resistance to ground 

Current to ground 

P.S. 42 

Infinite 

Zero 

“ « 50 

835 ohms 

9 amperes 

“ “ 51 

180 

34 

« « 46 

21.6 “ 

60 “ 
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The system was operating under normal conditions of day 
load. 

Upper Record: Vibrator 1 is the potential of phase 3 to ground. 

Middle Record: Vibrator 2 is the potential of phase 2 to ground. 

Lower Record: Is the potential of phase 1 to ground. 

Note: It just happened in this oscillogram that the separa¬ 
tion of the zero lines from each other corresponded to the 
difference in calibration of the vibrators and this brought the 
tops of the peaks of the three phases about on a line. This is only 
incidental but it may cause some confusion in reading the oscil¬ 
logram. This oscillogram shows the natural condition of the 
waves when there is no ground on the system. 

Vibrator 4 shows the delta potential of 13,200 volts. Vibrator 
5 shows the potential of the neutral to ground. This neutral 
potential shows the presence of a 3rd harmonic which has an 
effective value of 660 volts. 

Fig. 16. Oscillogram P.S. 50. In this case the resistance from 
phase 2 to.ground is 835 ohms, which limits the current to ground 
to 9 amperes. The voltage of phase 2 to ground is 7500 volts 
while the potential of phase 3 to ground is only 6730 volts. This 
illustrates the condition already described, of the reduction of the 
potential of phase 3 to ground when phase 2 is grounded through 
a comparatively high resistance. There is not yet sufficient 
shifting of the phase relation of the potentials of each phase to 
ground to be noted in this oscillogram. 

Vibrator 5 shows an interesting development of the superposi¬ 
tion of the third harmonic on the fundamental generator wave 
which appears as the neutral is displaced by the condition of 
ground. 

Fig , 17. Oscillogram P.S. 51. The resistance to ground has 
now been reduced to 180 ohms and the current from phase 2 
to ground has risen, correspondingly, to 34 amperes. It will be 
noted also in vibrators 1,2 and 3 that the potential of phase 2 
ground has decreased to 6120 volts, and the potential of phase 3 
to ground has increased to 7220 volts, while the potential of 
phase 1 has already increased to the relatively high, value of 
12,200 volts. . 

Fig. 18. Oscillogram P.S . 46. Resistance to ground is 21.6 
ohms.. The current from phase 2 to ground has reached practi¬ 
cally its, full value of 60 amperes. The potential of phase 2 to 
ground has decreased to 1295 volts. The potential of phase 3 
has increased to 12,600 volts, and the potential of phase 1 to 
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ground has increased to 14,000 volts, which is greater than the 
della value. 1 he potential trom neutral to ground shown on 
vibrator f> has increased to 7030 volts and the effect of the third 
harmonic shows relatively little in this large wave. 

10. Oscillogram P.S. 00, Vibrators 4 and 5. The entire 
00-cycle system through the suppressor switch on phase 2 is 
grounded. 

Upper Record: Current from the generator neutral to ground through 
aluminum cells ami a small gap. 

Lower Rerun!: Zero line only. 

Notks; On the upper record, the shutter of the oscillograph 
opens at the extreme left. 'There is a period of zero current until 
the suppressor switch strikes the resistance contact in the 
switch pot. At this instant the current from the neutral to 
ground through the aluminum arrester is so great that it carries 
the deflection oil the width of the film. By continuing the traces 
of the oscillogram until the lines meet, an approximate value of 
20 amperes is given. After the fourth cycle the resistance to 
ground in the switch pot is cut out by a movement of the blade 
of the suppressor switch. The surge of current at; the neutral 
again goes off the film. The maximum value of current gradually 
decreases as the electric system becomes adjusted to the new 
condition, of ground. It may he noticed that till the way through 
this record there are three 1o five small current surges before 
the large one takes plant* in each half cycle. Tins surge is due 
to the sma.ll gap t hat was placed in series with the aluminum cells 
in this lest. This gap was placed there simply to determine its 
effect <m the current to ground. The large deflections, however, 
are not due to this small series gap. The subsequent oscillo¬ 
grams were taken under the same conditions, but this condition 
could not be reproduced. It may be noted that this surge is 
similar to the one previously noted in Fig. 13. It is included in 
this paper with the idea of showing everything unusual and 
abnormal* 

/og, 20. Ost illograrn /TV, 02, Vibrators 1, 2 and H. 

Upper K«vord: Vibrator 2 shows a zero line, as it, was not, used. 

Middle Rreord; Vibrator 1 is the voltage from phase I to ground. 

Lower R<>< oid: Vibrator ,*! is tin* current in the lightning arrester. 

Notks: This oscillogram was taken especially to record a 
discharge of an aluminum lightning arrester in a station. Since 
there was insufficient potential from the surges to cause a dis¬ 
charge over the horn gaps at their minimum setting, the gaps 
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were shortened sufficiently to spark at delta potential. The 
effective current in the arrester was 3.3 amperes by ammeter 
measurement. The peak of the instantaneous value given by the 
oscillograph showed about 5 amperes maximum. 

Fig. 21. Oscillogram P.S. 65, Vibrators 4 and 5. During this 
exposure of the film, phase 2 of the entire system was grounded 
through the suppressor switch. During this time the lightning 
arrester had its gap so that it discharged but this discharge has 
no effect on either of the records of the vibrators shown. 

Upper Record: Vibrator 4 is the current from the generator neutral 
through aluminum cells to ground. The cells were 
directly connected without the intervention of a gap, 
such as existed in the previous figure. 

Lower Record: Vibrator 5 is the voltage from generator neutral to 
ground. 

Notes: At the left end of the record the third harmonic is 
prominent in both the current and potential wave, but naturally 
more prominent in the latter. When the suppressor switch 
closes, the third harmonic becomes of relatively little importance. 
While the resistance in the switch pot is in series to ground the 
voltage of the neutral rises only to 6200 volts, but after about 
four cycles this resistance is cut out and the voltage rises to 
7630 volts. At the instant complete ground takes place the 
aluminum cells at the neutral show a surge current of 1.75 
amperes maximum. 

Fig. 22. Oscillogram P.S. 68, Vibrators 1 , 2 and 3. This 
oscillogram gives a record of the main load currents in the three 
phases during the period of grounding. 

Notes: The ground takes place at about the tenth cycle of 
the generator after the opening of the shutter of the oscillograph. 
There is no visible disturbance of the load currents resulting 
from grounding. This result was checked in a subsequent test. 
The absence of disturbances is explained by the fact that the 60 
amperes of grounding current is nearly at right angles to the 
greater value of power current. The power current at this time 
was about 310 amperes per phase, at 87 per cent power factor. 
The total load was 6200 kw. 

Pig. 23. Oscillogram P.S. 70, Vibrators 1,2 and 3. Charging 
current in the three phases of an unloaded cable which is not 
grounded. Energy was taken from generator No. 8 the same as in 
the previous test. The length of cable was 6.5 miles. The size 
of the copper conductor in the cable was No. 1 and the insulation 
was paper, 7/32 in. thick. 
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Notes: It is interesting to compare the wave form in this 
oscillogram with that shown in several others. For example, 
if it is compared to the one shown in Fig. 10, it will be seen 
that a different harmonic is magnified. In the present figure the 
most prominent harmonic is the eleventh, whereas in Fig. 10, 
oscillogram 10, the most prominent harmonic is the seventeenth. 
In regard to the oscillogram 10, it is necessary to explain that a 
cable only 3.5 miles long was connected to the generator at 
that time, but it had the effect of magnifying the seventeenth 
harmonic. In this case, Fig. 23, an idle cable 6.5 miles 
long was connected. It is somewhat confusing to find the elev¬ 
enth harmonic magnified. This is explained by the fact that 
when the seventeenth harmonic was prominent the generator 
was without load, whereas when the eleventh harmonic was 
magnified the generator vras carrying the normal day load of 
the system. Other comparisons will be made in the notes of 
subsequent oscillograms. 

Fig. 24. Oscillogram P.S. 71, Vibrators 1, 2 and 3. Charging 
current in three phases of an unloaded cable, the same as in the 
previous test except that phase 2 is grounded at the busbar. 
The generator is still carrying its normal load. 

Notes: The effect of grounding phase 2 is to steal away some 
of the capacity current in the wire and divert it to the cable 
sheath. Phases 1 and 3 show an increase in capacity current 
of perhaps 40 per cent. The capacity current in phase 2 drops 
off about half.- Special attention is directed to these varia¬ 
tions and capacity currents during ground. The variations 
indicate a change in capacity. In another paper on a localizer 
it is endeavored to prove that this capacity current in the 
grounded phase does not affect the localizers in the non-grounded 
cables. 

Fig. 25. P.S. 73, Vibrator 1. Charging current to ground in 
the same unloaded cable, 6.5 miles long (cable H). The poten¬ 
tial is taken, however, from generator No. 4, which is not carry¬ 
ing any power. 

Notes: In this record the thirteenth harmonic is more promi¬ 
nent even than the fundamental wave at 60 cycles. One might 
even consider the frequency from this generator in the cable as 
780 cycles per second instead of 60. This record should be com¬ 
pared with previous records where the seventeenth and eleventh 
harmonics were prominent. Since there was no load in the 
generator the 12 teeth ]fer pair of poles in the generator gave 
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their distorting effect undiminished by any armature reaction 
from load current. The effective current to ground was 19.1 
amperes. The thirteenth harmonic is free of any visible higher 
harmonics. In comparing this oscillogram with that of the gen¬ 
erator No. 8 shown in Figs. 6 and 10, the difference in design of 
the generator armatures explains the difference in wave form. 
In the case where the eleventh harmonic was prominent the 
explanation is probably found in attributing the eleventh 
harmonic to a generator in the City Dock power station. 

It is evident these harmonics exist in more or less magnified 
forms under different conditions of operation. The possi¬ 
bility of resonance with these harmonics is very remote. The 
possible chance, of occurrence is about the same as that of 
winning a prize in a Chinese lottery. Still, the possibility must 
always be kept in mind, and whenever occasional troubles 
occur of unusually damaging effects, no doubt the magnification 
of the harmonics by resonance may at times come in for part 
of the blame. It has often been noticed, for example, on a system, 
that arcing grounds will take place many times without causing 
any trouble, but finally one single arcing ground will cause wide¬ 
spread damage. These oscillograms are reproduced especially 
to point out the possible source of high potentials from 
resonance. 

Measure of Capacity Currents Made on Three-Phase Trans¬ 
mission Cables when One Phase is Grounded, and Generator 
Not Loaded. A number of tests were made of the distribution 
of capacity currents between the cables and sheath under 
conditions, of construction. It was found that these currents 
deviated in value from the empirical laws that are given to 
cover such conditions. Not having time to look up the literature 
on this matter and fearing that the subject has been thoroughly 
covered, space is economized by not including them in this 
report. The fact that the currents do not check with the standard 
equations is easily explained by the changes in the harmonics 
that have been illustrated in the preceding oscillogr ams . 

. In introducing this subject the object is simply to call atten¬ 
tion to the fact that the usual equations given for capacity 
. etween wires.and sheath have little practical value in determin¬ 
ing the charging current from any generator to a cable. 

Data of a Grounding Test. Readings, Nos. 27 to 50. Returning 
to the subject of . accidental grounds, the following table of a 
complete test is given for reference: 
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Potential to ground 
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Reading 

No. 

Hour 

Fi 

! Vz 

L 

to 

ground 

to 

ground 

/ 

localizer 

27 

3:24 

7,740 

7,720 

7,800 

0 

00 

0 

28 

3:25-1 

0,250 

7,500 

0,700 

I 1 

082 

0.3 ? 

21) 

3:201 

9,400 

7,450 

0,020 

12 

021 

0 35? 

30 

3:27 

0,370 

7,440 

0,000 

13 

572 

0.35? 

31 


0,720 

7,380 

0,500 

14 

527 

0 35 

32 

3:271 

0,030 

7,300 

0,480 

10 

101 

0.35 

33 


11,250 

0,780 

0,000 

20 

20,1 

0.48 

34 


11,730 

0,400 

0,900 

29 

224 

0 52 ; 

35 


12,250 

0,180 

7,200 

;n 

182 

0,00 

35 

3:20 

12,550 

5,880 

7,080 

37 

159 ! 

0 04 

37 


12,030 

5,520 

8,050 

40 

: IMS : 

0.70 ; 

38 


13,180 

5,200 

8,520 

42 j 

125 

0.74 ' 

30 

3:30 
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Relation of Kilovolts to Gkoundim; Resistance In 
a Grounded Phase 

In the previous illustration the relation between current and 
voltage for the three phases was given. In some, eases it, is 
valuable to know the relation between the voltages and resistance 
Jrom a phase to ground. This is given in Pig. 2f>. 

Relation oj Pointer Lost in the Ground Circuit and the Current 
to Ground. For several reasons 1 he energy lost in the grounded 
circuit is of value, also the conditions at which maximum energy 
loss occurs. It is evident that when the resistance is infinite 
there is no loss of energy, and again when the resistance is zero 
there, is no loss of energy. The maximum loss occurs when the 
current is about % its full value to ground. The relation at 
every instant is shown in Pig. 27, 

Relation oj the Power Lost in the Grounded Circuit , and (he 
Difference oj Potential between the Grounded Phase and Earth* 
This relation is shown in Fig. 28, 

Rate of Development of an Accidental Ground. When this work 
was first begun it was hoped that some device might be con¬ 
structed which would indicate the early stages of the develop* 
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incut, of an accidental ground .so that the arcing-ground suppres¬ 
sor could be used to prevent an actual arc to ground by closing 
on the fault during this early stage. A brief consideration of 
the power curves already given will show the difficulties involved. 
For example, in Fig. 28 when the potent ial of the grounded phase 
is diminished by only 10 per cent the energy lost is 170 kw. From 
the standpoint, of potential, it is not easy to make a device sen¬ 
sitive to a change of only 10 per cent and still maintain a high 
degree of reliability. From the standpoint of rapidit y of develop¬ 
ment of the fault, it is quite evident that 170 kw. applied to a 
small hole in the insulation about one-half inch long will carry 
the resistance immediately down to a negligible value. Taking 



on mu two to urounp 

Ht;, 26" Variation is Voltage of Each Phasic to Ground as 
Resistance, Phasic 2 to Ground, Varies. 

Cvu'wh from test ♦tutu, rrudimo Sm, 27 to 40, Aur.J 22, tftlt. 

another example in which the drop in potential is less, the con¬ 
ditions still seem to be hopeless. When the drop of potential to 
ground is only 1 per cent there is a loss of 70 kw. at the fault. 
Seventy kilowatts concentrated in a small fault is suOieient to 
develop it with enormous rapidity. In order to get tlw loss at 
the fault down to a value that will develop at such a rule as to 
permit the operation of a safety device, let us assume that the 
energy loss in an incandescent lamp is the upper value that can 
he allowed in the fault. When one considers that an incandescent 
lamp lias a filament longer than the fault in the insulation, and 
that that filament becomes incandescent with 50 watts in it, 
we have surely not chosen, as a basis, a value of energy loss that 
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is too small. Still, when we consider this energy loss, the prob¬ 
lem is far more difficult. A loss of 50 watts in the fault corres¬ 
ponds to a resistance of 1,000,000 ohms. When it comes to loca¬ 
ting a fault of 1,000,000 ohms in a system where the insulation 
resistance runs from 2000 ohms up to 500 megohms, the diffi- 



Fig. 27 


cullies seem insurmountable and unsolvable by any of the devices 
that have been described in scientific literature. From a stand¬ 
point of utilization of tin? current of the fault to ground, it is 
interesting to note that the value is only 77 milliampeies. When 
one considers that the load current on the system is several 



hundred amperes, and the electrostatic charging current five 
amperes or more per cable, the difficulties in this approach to 
the problem are obvious. It. is evident that for large systems 
the solution in sight is either to allow the fault* to develop when 
it will and take* rare of it, with the arcing ground suppressor* or 
to utilize the following proposed method: 
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Predetermining the Faults in Cable Systems. Experience 
shows that practically all the faults in a cable system develop 
initially between a single phase and ground. If the arc is not 
extinguished the arcing ground will very quickly burn the 
insulation between phases so badly as to cause a short circuit. 
In fact, this is what has always taken place when a fault has 
occurred on a cable system. There are certain weaknesses and 
accidents that cannot be foreseen, and the arcing ground sup¬ 
pressor with the localizer seems to be the only practicable solu¬ 
tion in sight at present. There are, however, many faults which 
can be prematurely developed at a time most convenient to the 
operating engineer. Operators have often need to paraphrase 
an old saying in the form: “ Grounds never come singly.’’ 
One arcing ground will set up surges which will weaken other 
parts of the cable system, and these weakened points will sub¬ 
sequently develop into grounds. From experience in the labora¬ 
tory, and from our knowledge of the phenomena, it is evident 
that most of these faults develop very gradually in the early 
stages. Laboratory experience shows very convincingly that 
insulation will stand a fairly definite limiting potential without 
any deterioration. Also, that slightly above this limit The 
deterioration is exceedingly slow, but becomes more and more 
rapid, along a descending logarithmic curve, as the potential 
across the insulation is increased more and more. If a test 
potential for a cable is chosen at a value that is less than the 
deteriorating value, then there can be no objection to applying 
it as frequently as desired. If, while this test potential is applied, 
there are inherent faults in the insulation which are still in their 
early stages of development, then the higher potential will 
hasten the development of these faults. Any inherent fault, then, 
may be developed at a time of the day and week when it is most 
convenient to make repairs, and when a spare cable may be 
substituted for the faulty one with the least inconvenience and 
disturbance in handling the load. To meet this situation, then, 
it is proposed to introduce at an artificial neutral, direct-current 
potential which will raise the total potential of the entire system 
by a specified amount above ground. ^ Faults which stand this 
strain for several minutes are not likely to develop at normal 
potential within several days. The application of such a method 
would, we believe, tend greatly to keep the system free of incipi¬ 
ent or embryonic faults. It is a refinement which, in the future, 
perhaps, may find considerable application. The assumption 
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is made that some faults will always develop in cables due to 
inherent weaknesses and age, or due to troubles which may come 
from electrolysis of the sheath. It is, then, reasonable to develop 
these unavoidable faults at the most convenient time without 
switching or disturbance of the load. Plans are being made 
to apply this method. 

Insulation Resistance of the System of the Public 
Service Electric Company 

This system consists of both overhead and underground con¬ 
struction. A statement has already been made that the insula¬ 
tion resistance under normally safe conditions of operation 
varies from 2000 ohms to 500,000,000 ohms. While Mr. A. H. 
Davis was making a study of the factors involved in the design 
of a localizer, he carried on, incidentally, continuous tests of the 
insulation of the system. The results show several features of 
interest. 

The tests were made along the lines proposed above, that is, 
a direct current was applied at an artificial neutral formed by 
three potential transformers. In series w T ith this direct-current 
generator was a recording ammeter. The current was kept within 
the range of the ammeter by different values of direct-current 
applied. Some typical results are shown in the following plotted 
curves of the resistance of insulation of the system as ordinate, 
and time as abscissa.' Since the range of insulation resistance 
was so very large, a special method of plotting the curves was 
used. Three scales are used in the ordinates. These scales are 
placed one above the other, but there will be no difficulty in 
reading the resistance in the usual way by jumping from one 
scale to the next where the changes in resistance require it. 
The diurnal variations which actually took place are shown in 
these curves—also the variations in resistance from minute to 
minute when the insulation resistance was low. The needle 
of the recording ammeter under these conditions moved over a 
very wide range. Low resistance invariably came from the 
overhead lines and was due entirely to weather conditions. The 
resistance varied according to the variations in the precipitation. 
Resistance might be of a medium high value, and a fog, or slight 
precipitation, might cause changes from minute to minute over 
a small range. When there was a steady downpour of rain over 
all the insulators, then the resistance became very low and un¬ 
steady. This may have been largely due to spattering of water 
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up under the petticoats of the insulators. The measurements 
brought out one interesting condition that has been noted else¬ 
where, but so far as the writer knows, never measured. Just 
before s unr ise there is nearly always a sudden drop in the insu¬ 
lation resistance. A little later the insulation returns to a fairly 
high value. This is explained by the fact that when the sun 
rises, the temperature of the atmosphere around the insulator 
is above the temperature of the insulator. In other words, the 
insulator absorbs heat more slowly than the air does. This 
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leaves a cold insulator in contact with a more or less moist atmos¬ 
phere and the result is a precipitation of dew on the surface of 
the insulator. This dew lowers the insulation resistance. Later, 
the insulator takes the same temperature as the ambient 
atmosphere and again dries off, which restores the insulation 
to its previous value. The tendency of insulators to break down 
at sunrise was noted years ago on some Mexican lines. Typical 
curves of the insulator resistance of the system are given in 
Figs. 29 to 34. 









1912] 


LOCALIZERS AND SUPPRESSORS 


1903 


The insulation resistance on one day (Fig. 29) ran above 
100,000 ohms. Between the hours of 10:00 and 12:30 the 
insulation ran above five megohms. The day was clear and the 
atmosphere fairly dry. 

The curve of insulation resistance two days later as shown in 
Fig. 30 has a medium value all day. In the early morning 
between 1:30 and 3:00 o’clock there was either a shower or heavy 
fog. This we have indicated on this curve by a zigzag line in imi¬ 
tation of the movement of the ammeter needle over the same 



Fig. 30 

period of time. The insulation varies from 300,000 ohms to 
600,000 ohms during the day. As in the previous figure, the 
insulation increases during the middle of the day, although, 
due to the moisture in the atmosphere, the actual value of resist¬ 
ance is not nearly so high as shown in the previous figure. The 
day was cloudy. 

The resistance during the next day (Fig. 31) is typical of bad 
weather. Along about 5:00 o’clock in the morning there was 
evidently a light shower. At 9:00 o’clock the resistance became 
so low that the deflection of the ammeter went off the scale. 
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This condition of the meter was not corrected by lowering the 
voltage until 1:30. During this time the resistance dropped 
from 100,000 ohms down to 7000 ohms. There was a shower 
about 2:00 o’clock, another one at 4:30, and another at 9:00 p.m. 
During this entire time the resistance was varying up and down 
over a wide range, as indicated in this figure by the zigzag lines. 
The lowest resistance of insulation recorded during the day was 
3000 ohms. 

The record in Fig. 32 was taken on the following day. It rained 
heavily in the early hours of the morning but cleared up in the 
afternoon and dried off sufficiently to carry the insulation 



A.M.*-TIME-*P.M. 

Fig. 31 


resistance from 5000 ohms at 4:00 a.m. to 5,000,000 ohms at 
5:00 p.m. Part of the record was lost during the middle of the 
day due to the lack of adjustment of the voltage on the recording 
ammeter. The variation of resistance was so great as to require 
a variation in the direct-current potential in order to keep the 
needle of the ammeter on the scale. 

The record in Fig. 33 was taken two days later. It is typical 
of the usual cloudy weather conditions and illustrates a condition 
of precipitation of dew already referred to. At 3:00 a.m. 
moisture in the atmosphere begins to make itself felt and the 
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resistance drops from 650,000 ohms to 100,000 ohms at 7:00 
o’clock. The dissipating effect of the sun’s rays then begins to 
make itself felt and the resistance of the system rises rapidly 
and reaches a value of about one megohm at 9:00 a.m. While 
the sun is directly overhead the resistance remains high, but at 
3:00 p.m. the insulation resistance again drops and reaches a 
value of 200,000 ohms at 6:00 p.m. Due probably to a favor¬ 
able dry wind the insulation rises again until 9:00 p.m., but 
drops rapidly thereafter and reaches a value of less than 100,000 
ohms by midnight. 



The record of a later day (Fig. 34) illustrates a condition that 
is difficult to explain. During the early morning hour the resist¬ 
ance ran low but steady. At noon time it began to rain. At 
5:00 o’clock the rain ceased and the resistance rose rapidly to 
over two megohms, but dropped in a few minutes back to its 
former value. This same condition was repeated five times up 
to midnight. There is a possibility that this variation might 
have been due to a fault in the measuring apparatus such as 
might result from some accidental condition of contact between 
the brushes of the direct-current generator and the commutator. 
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Considerable variations have been noted, although not as great 
as shown here, due to the passing of a cloud and a burst of sun¬ 
shine, but this could not be the explanation here. In this case 
-such a variation might also be caused by the accidental contact 
of a hye wire with the limb of a tree, which was removed during 
short intervals. In such case the limb would finally be burned 
away and leave the insulation high. One of the above condi¬ 
tions, we suppose, accounts for the form of these resistance 
curves. 



Fig. :« 

SoMK ( HA KA< TKRISTU'S Oft Til ft AKC IN TUft ARCING GROUND 

on a Caulk 

i hose who have made observations on the length of time 
inquired for an arcing ground to develop into a short circuit, and 
nLo oil die dillerence in t he destructive effect of arcing grounds 
occurring at different limes and different places, cannot help 
but be impressed by remarkable differences. If we compare the 
accidental ares of one system with those on another, naturally 
we will expect to find different harmonics. Ihirthennore, due to 
dilk 1 umees in electrostatic capacity, different values of grounding 
current will also occur. These fundamental differences will 
naturally give different (‘fleets. The cause of the dillerence is 
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not so evident, however, when we consider arcing grounds on the 
same system at different times, when, apparently, all the con¬ 
ditions of generation and capacity are identical. 

■ In discussing this subject it might be well to bring up at this 
time the possibilities of variations coming from the reactions 
of the receiver apparatus on the circuit, such, for example, as 
synchronous motors, induction motors, elm The presence of these 
machines has to do with the harmonies, but apparently has 
no effect on the duration of the accidental arcing ground before 
it burns into a short circuit. This latter seems to depend very 



Fit;. ,'M 

greatly on the peripheral location of the accidental arc on the 
sheath of the cable. If, on the out* hand, the arc should take 
place on the under side of a horizontally placed cable* the melted 
Iqad from the crater of the arc would drop down and then* would 
b: a tendency to melt the lead a,way from the fault, and thereby 
constantly increase the arc length. We know that a varying arc 
length will cause a magnificat ion of different high frequencies. 
On the other hand, suppose the accidental arc takes place on the 
upper side of a horizontally placet! cable, then the melted lead 
from the sheath will tend to run into the punctured hole in the 
insulation and make a direct contact from the faulty phase 
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to ground. If the charging current is not large, then the 
lead in a solidified form may have sufficient conductivity to 
ladiate the HR given to it by the grounding current. The 
extinguishment of the arcing ground in this case will cut off the 
surges and a system would be able to run for hours without 
interference to the power service. If, however, the lead from 
the sheath which melts and runs into the hole is not quite suffi¬ 
cient to carry the grounding current, it will be continually 
breaking up, forming a short arc which melts more lead, which 
in turn again shortens the a .re. In other words, there will be an 
intermittent arc to ground. The duration of the fault before 
it, burns into a short circuit may still be many minutes. 

By faking into account the possible variable locations of the 
three phases relative to a. vertical line, and the variable per¬ 
ipheral location of the arc on the sheath, it seems possible to 
explain many of the different effects that have been obtained 
on the same system with different accidental arcs to ground. 

Another factor is the peripheral location of the fault on the 
insulation of a single phase. It the fault should occur where the 
insulations of the two adjacent phases come in contact it will, 
naturally, burn into a short circuit much more rapidly than if 
the fault should occur at a point nearer the lead sheath. 

Another condition that will cause differences in transient 
potentials lias been mentioned in previous papers. This dif- 
f.eieiue comes from the location of an accidental arcing ground 
relative to the length of the feeder. Like the light touch of a 
finger on a violin string which makes it vibrate on high notes by 
oscillations in sections, the same condition may occur electrically 
on a, feeder. 1 here are certain locutions on a violin string where 
a light touch will simply dampen the vibrations. Apparently 
there exists the same condition in the electrical circuit. There 
arc* however, many places on the violin string which give 
different clear high tones, and by analogy, there are the same 
conditions on the electrical circuit, if any one of these high 
f lequeneies happens to resonate with some localized inductance 
and capacity in the circuit, <1 {image results. This is mean chance 
and is a condition which, happily, does not occur often during 
accidental grounds. 

When a short circuit takes place which is not the result of 
the development of an arcing ground it usually occurs at a 
defective joint. In order to give the arcing ground suppressor 
a maximum efficiency in preventing interruptions of service, 
special care should be taken to prevent weakness in the joints. 
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A difference has been noted in the strength of joints on different 
sections of a system which results from a difference in the policies 
of the repair foremen. On one section the foreman makes a 
repair just as soon as it can be done at any time of day or night. 
On the other section the foreman waits for daylight and other 
favorable conditions of the atmosphere and weather. The 
foreman who waits for propitious conditions has fewer break¬ 
downs in joints than the one who pays less attention to the 
conditions. If it is assumed that each is equally conscientious 
in his work, and that no other factors enter, the extra care seems 
very much worth while. 


PH.2 



From the relations shown in Fig. 35 the equation for the po¬ 
tential of one of the non-grounded phases (Fi) in terms of the 
delta potential (F) has been worked out: 


= VV 2 ± 1.734 v\/ K-y 2 + 2 K 

in which K = 

C 2 oo 2 

Since the diagrammatic solution is so much simpler, this par¬ 
ticular analytical form has little to recommend it. The expres¬ 
sion in polar coordinates is simpler. 
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Summary 

Generators on a loaded three-phase system maintain practi¬ 
cally constant delta potential between phases. The generators 
themselves generate nearly constant and stable Y potentials. 
Any shifting of the neutral of the generator on a loaded system 
is transitory. The values of potential of the three phases to 
ground are determined by lines drawn from the corners of the 
delta triangle to a point on a semicircle drawn on the Y potential 
as diameter. This semicircle is drawn on the side of the Y 
potential next to the succeeding phase (see Fig. 35). For example, 
if phase 2 is grounded the semicircle is on the side of phase 3. 

In the oscillograms of the operation of the arcing ground 
suppressors, no dangerous potentials were observed. The sup¬ 
pressor operates in one-quarter of a second in accordance with the 
usual design of switch,. 

Dillerent harmonies were found on the system, namely: 11, 13 
and 17, which were magnified more or less according to the con¬ 
ditions of capacity. In themselves, these harmonies have no 
baneful significance. 

'flic clients of an arcing ground on a cable are modified by 
movements of the melted metal of the lead sheath. On the 
underside the lead drops away and thus increases the arc length. 
On the upper side the molten met al runs down into the fault and 
shortens the are. 

For a certain value of resistance to ground, the value that drops 
tlu potential to gtouitrf by about one-third, the loss of energy 
in the fault is a maximum of 220 kw. 

A method of predetermining faults in the insulation while the 
system is in normal operation, is proposed, in which high-potential 
diiect ctnlent is applied at the neutral, protection being given 
by arresters, suppressors and localizers. 

All the protective effects of a grounded neutral may be obtained 
by connecting aluminum cells between the generator neutral 
and ground and, at the same time, all the objectionable effects 
of short, circuits and cross currents that attend a grounded 
neutral are avoided. 

I lie insulation resistance of a mixed overhead and under¬ 
ground system is determined almost entirely by the relatively 
high leakage over the insulators. Weather conditions changed 
the insulation from 5000 ohms to over 500 megohms. 
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RELAY PROTECTIVE SYSTEMS 


BY L. L. ELDEN 


Reviewing American practise in the use of relay protective 
devices for electrical generating, transmission and distributing 
systems, there appears to have been no material change in the 
construction or commercial application of this class of apparatus 
in a considerable period of years. 

Such improvements as have been made relate principally to 
mechanical details for increasing the reliability of operation and 
maintenance of adjustment of relay apparatus. Recently, in 
response to demands for modifications of the electrical charac¬ 
teristics of time limit overload relays, certain changes have been 
made in existing types of relays, and in addition a new type of 
relay has been introduced. These developments have tended 
to increase greatly the facilities for obtaining selective action 
between different relays in stations where such operation of 
relays is desired. 

Experience has shown that no single part of an electrical 
system is free from the possibility of injury, either accidental or 
unavoidable as may be the case, and that it is incumbent upon 
operating and designing engineers to protect their systems as 
far as possible from such occurrences, through the use of 
protective devices suitably designed to afford such protection. 

We may summarize American practise in the application of 
relay protection to the various parts of alternating-current 
electrical supply systems of moderate and large capacities as 
follows: 

Generators. In general, generators are not arranged for auto¬ 
matic disconnection from the system which they supply, upon 
the occasion of a fault developing within their windings or their 
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connections to the main buses. Reverse current relays arc used 
in many cases to operate signals to indicate reversal of current 
in generator circuits, but under all conditions the judgment 
and movements of the operator are usually depended upon for 
the proper operation of generator switches. 

Transmission Lines. Relay protection for transmission lines 
varies with type and method of operating different systems, 
but, in general either instantaneous, inverse time limit or definite 
time limit types of relays have been used,according to engineering 
judgment. ‘ 

In systems operating radial feeders, with each feeder connect¬ 
ing to only one substation and not operated in parallel at sub¬ 
station ends, reasonably satisfactory service has been rendered 
by the types of relays referred to. 

In systems operating ring systems of feeders, or radial feeders 
with several substations in tandem on a single feeder, where 
selective adjustments are required between different relays in 
order to prevent interruption of service from all stations between 
a fault and the source of power, satisfactory results have rarely 
been continuously attained with any of the types of relays 
mentioned. In attempting such operation recourse has been 
had to reverse current relays in combination with time limit 
overload relays, with equally unsatisfactory results. 

In addition to these regular or standard methods of employ¬ 
ing relays for line protection, many attempts have been made 
to devise arrangements for cutting a defective feeder out of ser¬ 
vice irom among a group of feeders operating in parallel at both 
ends, without affecting the remaining feeders. Combinations 
of reverse current and time limit relays have been used for this 
purpose, arranged with interlocking attachments to prevent other 
than faulty feeders being affected. 

It may lj.itly lie said that indifferent success has uniformly 
been the result of the use oi such arrangements, due in some part 
to the failure of the apparatus itself to operate consistently and 
continually as designed, and in other ways the apparatus has 
failed to meet the conditions developed by faults. There are 
ot coui se some instances where radial systems of transmission 
lines have operated with reasonable satisfaction, using some form 
ol^ standard relay for protection, still, it is well known that 
failures have been experienced through faults inherent in the 
relays themselves, thereby producing a feeling of uncertainty 
as to then operating condition at all times while in service. 
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Recourse has been had to frequent inspection and tests to pre¬ 
vent failure in service, all of which creates undesirable expendi¬ 
ture for maintenance without adequate return in security from 
failure. 

Putting the situation plainly, the standard relay devices in 
use in our alternating-current systems are inadequate properly to 
protect the apparatus they are intended to protect, simply be¬ 
cause they do not discriminate between faults and excess current 
conditions. 

It is probable that very few engineers on this side of the water 
appreciate the great difference between American and European 
practise in the use of relay protective devices. Articles have 
appeared in the technical press from time to time in which brief 
comment has been made in reference to certain developments and 
applications of protective systems in England and on the Con¬ 
tinent, without, however, attracting the attention they deserved. 

A personal inspection of some of the larger European under¬ 
takings reveals substantial advances in the art of relay protec¬ 
tion which, as applied to generators—sections of busbars— 
transmission lines and substation apparatus, have operated with 
marked success. Several systems have been developed which 
possess merit, but among them all the system invented by Messrs. 
Merz and Price of London, England, is apparently the most 
flexible and best adapted for application to any of the problems 
of such a character as are met with in the protection of the 
various apparatus and connecting links comprising electrical 
supply systems. 

This form of protection has proved so reliable in practise 
that it has become not only safe, but possible, to operate high- 
tension interconnected transmission systems without risk of the 
failure of a single section interfering with the remainder of the 
system. Individual ring feeders may not only be cross-connected 
at will, but may with perfect safety be interconnected with other 
ring or radial feeders as desired, either for reasons of capacity 
or insurance of service to consumers. The economic advantages 
resulting from such use of investment, particularly in systems 
covering wide areas, are too obvious to require comment. The 
extent to which the interconnection of feeders and generating 
stations is carried out in regular service is indicated in some 
measure by reference to Fig. 1, in which is shown a typical ar¬ 
rangement of interconnected high-tension feeders. 

This system of protection has the further advantage of being 
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discriminative in action, operating only under fault conditions, 
and possessing the further valuable characteristics of cutting 
out defective apparatus instantly, or while troubles are in the 
incipient stage, thus preventing the destructive aftermath which 
sometimes follows minor troubles if allowed to develop to serious 
proportions. Its introduction and subsequent use has modified 
foreign practise to such an extent that there is a strong tendency 


generating station 



H nm station 

©Mi:n«rT'RlC.ff.M.F OAIANCE PROTECTION 
x TIME LIMIT OVERLOAD RELAYS 

Fit;. 1 Typical Arrangement of Relay Protection with Misrz- 

Prick System, 

to apply the system to generator protection in many new instal¬ 
lations, while some iniportant companies are adopting this 
system for the protection of existing generating and transforming 
apparatus. 

The Mens-Price system of relay protection is based on the 
principle that if a conductor in service is in a sound condition 
the current entering and leaving it must be of the same value, 
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due allowance being made for losses. It will thus be apparent 
that such a system is capable of being arranged for the protection 
of any generator, section of busbar or transmission line, by in¬ 
troducing suitable relay equipment at the proper points. 

The apparatus employed in this system consists of suitably 
designed series transformers and relays, and, in addition, pilot 
wires forming a connecting link between the relay apparatus 
located at the terminals of the protected section of line. 

The limitations of the system lie mainly in the first cost and 
construction incident to the installation of the pilot wires, the 
remainder of the apparatus or its application being no more 
costly and at the same time far simpler than the devices which 
we regularly use for similar purposes. In the commercial use 
of this system two standard arrangements of the apparatus are 
generally employed, although many other combinations may 
be arranged for special purposes. These two standard arrange¬ 
ments are designated as “ current balancing ” and “ potential 
or e.m.f. balancing.” “ Current balancing ” is usually employed 
for the protection of generators, transformers, frequency changers, 
etc., while “ e.m.f. balancing ” is used in connection with feeder 
protection where the energy losses in the pilot wires make the 
current balancing scheme undesirable. In addition another 
development is called the “ magnetic balance system ”, which has 
its application in similar locations to those in which current 
balancing is used. 

Fig. 2 illustrates the principles of these three arrangements of 
protective devices, in which 

A represents the “ current balance system ” applied to the 
protection of a transformer, 

B represents the “ e.m.f. balance system ” applied to feeder 
protection, and 

C represents the “ magnetic balance system ” applied to 
transformer protection. 

In A it will be noted that series transformers are installed on 
both primary and secondary sides of the main transformer. 

The series transformers are of such ratios that their secondary 
currents are equal at all loads on the main transformer, and are 
connected with their secondaries in series, with the current fkw- 
ing in the same direction through the secondary circuit. Suitable 
pilot wires are employed to complete a relay tripping circuit, 
with the relays connected to the central points of the secondary 
circuit as shown. As the connection of the relay circuit to the 
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secondary circuit is made at the point of zero potential, no cur¬ 
rent flows in the relay circuit so long as the current in the main 
conductors, and therefore in the secondaries of the series trans¬ 
formers, remains balanced or in the same ratio. Any variation 
in this current balance results in a flow of current through the 
relay circuit,, thus causing the relays to operate to open the main 
switches on both sides of the main transformer, upon the un¬ 
balance reaching predetermined values for which the relays 
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may be adjusted, Scries transformers of any standard design 
are suitable for use with this scheme of protection, provided, 
however, they are of sufficient capacity to furnish the necessary 
current to overcome the resistance of the pilot wires and trip 
coils as well as their own impedance. What is more important, 
they must maintain their own ratio with great accuracy under 
extreme overloads, otherwise the relays may be operated at 
times unnecessarily, through the difference in secondary currents 
delivered by the protective transformers under the same load. 
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B illustrates the “ e.xn.f. balance system ” as applied to a 
single feeder. Series transformers arc used as in the preceding 
case except that in this system they are connected with their 
secondaries opposed or bucking, under which conditions no 
current flows in the secondary circuit as long as the current in 
the main conductor is normal throughout the protected section. 
Upon this balance becoming affected, the difference in potential 
thus created between the series transformers will force current 
through the secondary circuit and actuate the relays included 
in that circuit, to close the trip circuit and open the main switches. 
Series transformers for the “ e.m.f. balance system ” must usually 
be of special design, as most types of standard transformers 
cannot be operated on open circuit without burning out. These 
transformers must be designed to operate with a low temperature 
rise, and be ol ample capacity to supply the energy necessary 
to overcome the resistance of the pilot wire and relay circuit. 
What is most important, they must be able to maintain exact 
ratios of transformation under all conditions of load, including 
extreme overloads. Substantial insulation must be provided 
between secondary turns in these transformers to withstand 
successfully the high potentials developed by heavy rushes of 
current in the main conductors when occasioned by faults else¬ 
where in the system, or by the heavy starting currents of motors 
of large capacity. 

C illustrates the “ magnetic balance system ” as applied to the 
protection of a single transformer. The series transformers 
are arranged with their secondary circuits connected to a balan¬ 
cing transformer provided with a one to one winding. As the series 
transformers are designed lor equal secondary currents with re¬ 
lation to the rat io of the main transformer, the resultant flux in the 
core ol. the balancing transformer is zero and no current will flow 
in the winding connect,ed to the trip circuit, so long as the main 
transformer is in sound condition. Upon the occurrence of a 
fault within the main transformer, the currents in the secondary 
circuits of the series transformers will become unbalanced, re¬ 
sulting in an induced potential in the trip circuit windings, 
sufficient to operate the relays to open the main switches. Stand¬ 
ard series transformers may he used with this system, providing 
they are ol suitable capacity and of correct ratio. The addition 
of the balancing transformer may or may not offer advantages 
over the regular “ current balance system ” according to condi¬ 
tions, although it is to be noted that the latter system appears 
to be preferred in all recent installations. 
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Relays used with the Merz-Price system are of the simplest 
forms of the instantaneous type of circuit-closing relay, capable 
of adjustment for different currents and. arranged with time limit 
attachments when used for the protection of certain classes of 
apparatus such as generators or transformers. These time limit 
attachments are provided to prevent the opening of main switches 
by heavy rushes of current which may be developed when syn¬ 
chronizing generators, or switching large transformers into 
service. 

Experience indicates that for reliability it is best to use a 
battery for operating the trip coils on switches, in preference 
to using alternating-current trip coils directly in the secondary 
circuits of the system. The battery - system requires series 
transformers of less capacity and makes certain that low voltage 
in the main system will not lower the secondary potentials to 
values insufficient to operate the trip coils. 

Important as are tin* oilier features of this system, no less 
important is the part played by the main switches used in con¬ 
nection with these relay devices. A quick-acting switch is a 
necessity if the* full benefit of the action of the relay on minor 
faults is to be obtained. 

That such switches have been developed is shown by the ab¬ 
sence of serious damage to cables or their surroundings upon the 
occasion of cable failures, there being every evidence that such 
faults are cut out very early in their development. It should 
also be noted, in this connection that the duties imposed on oil 
switches when used on systems provided with balance protec¬ 
tion, are not nearly as severe as in situations where ordinary 
overload protection is provided, due to the early disconnection 
of defective equipment under conditions which require the 
actual rupture of relatively small amounts of current. 

The remaining link to be considered to complete the con¬ 
nections between the several parts of this system is the pilot 
cal>le. Where* employed, with either overhead or underground 
construction a No. 12 B. & S. gage 8-conductor, lead-covered, 
paper-insulated cable of low capacity is generally employed, 
although in some modifications of the standard methods of 
connection, only two pilot wires are used. In underground 
installations this cable is laid beside the main cable in the same 
trench in the solid system of construction, or is drawn into a 
separate duet when* the drawing-in system of construc¬ 
tion is used. Where used in connection with overhead 
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lines, a catenary suspension is provided for the pilot cable which 
is ordinarily attached to the poles or carrying structures at a 
considerable distance below?- the main conductors. In certain 
undertakings open wires have been used for pilot wires on 
overhead lines, but not with as satisfactory results as cable in¬ 
stallations have shown, owing to the induced currents developed 
in the pilot circuit, due to proximity to the high-tension wires. 
These currents have caused relays to trip upon the occasion of 
disturbances in the system, -when there was no trouble with the 
main conductor being protected. As previously stated, the 
first cost, installation and maintenance of the pilot wires is the 
serious drawback to this system, amounting to approximately 
$1000 per mile as far as the cost of underground construction 
is concerned, although varying conditions may make it possible 
materially to reduce this cost, when a number of cables are to 
be protected. It is obvious that the maintenance of the pilot 
cable is of no less importance than that of the main cable, as 
a break in the pilot wires immediately causes the relays to operate 
the main switches exactly as though a fault had occurred in the 
main cable. Troubles of this character are more liable to occur 
with overhead construction, owing to the exposed positions in 
which they are placed with respect to opportunities for malicious 
damage, or that resulting from the action of the elements. 

The really excellent feature of the Merz-Price system, aside 
from its extreme simplicity, is its ability to protect against faults 
in any part of a system, thereby permitting the operation of 
momentary and continuous overloads at the discretion of the 
operator, without fear of interruption from the operation of 
the relay devices. 

This is a sharp contrast to American practise, where heavy 
momentary overloads are likely to cause interruptions of service 
unless special provisions have been made to the contrary, and 
in the case of continuous overloads special relay adjustments 
may be required. 

The Merz-Price system may properly be termed a system 
of protection which makes possible for the first time the supply 
of continuous service in alternating-current systems, in that it 
makes possible the operation of ring systems of feeders, or sys¬ 
tems of feeders operating in parallel at both ends, and at the 
same time insures the instantaneous disconnection of any faulty 
feeder or section of a ring feeder, without affecting the service 
of the rest of the system. In making this assertion it is 
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assumed that in the design of ring systems of feeders, the con¬ 
ductors forming each ring are of suitable capacity to carry the 
entire load in either direction, or that interconnection with 
oilier feeders will afford the same capacity. 

Consideration of the value of a protective system such as is 
here under consideration naturally involves discussion relative to 
the desirability of using any one of several arrangements of trans¬ 
mission lines, that is, whether ring systems or radial systems of 
duplicate independent feeders, or combinations of both, are most 
desirable. This is a question to be decided on its merits in each 
east', and has no particular bearing on the relay question as 
that is adapted to all, but it is fair to assume that in supplying 
service to any substation, more than one source of supply is de¬ 
sirable. In widely scattered districts it is apparent that a ring 
main will more economically serve such business, and at the same 
time afford, full protection against failure of service. Conditions 
of supply in large cities usually require the delivery of large 
qtianlilies of energy to individual substations, making it necessary 
to employ several feeders for each station, under which plan the 
radial system is adopted with each feeder carrying full load, with, 
perhaps a duplicate feeder or equivalent capacity in reserve. In 
tins ease there can be no advantage in a ring system from any 
point of view. Certain companies employing duplicate radial 
feeders with a number of subst ations in tandem, would obviously 
greatly improve the capacity and reduce the losses in their sys¬ 
tems, if such lines wen* operated with their ends in parallel at the 
most distant substation, or possibly at other substations as well. 

The fact, remains t hat this system provides opportunities for 
operating economies in substations which at first glance may not 
be appreciated. It is not unusual to find many English sub¬ 
stations in service without attendance of any character, where 
the Mera-Price system of protection is employed for the protec¬ 
tion of feeders and apparatus. This is possible in transformer 
substations located <>n consumer’s properly, where energy is sold 
in bulk to a consumer through step-down transformers, without 
regulation or further attention. Under such circumstances if the 
main switches on a, ringmain and the transformers supplying the 
service are protected by this system of relays, if is obvious that a 
certain number of such stations in a system require no operators, 
and no unfavorable conditions will result to the consumer from 
their absence, provided, the transmission system is properly de¬ 
signed and the consumer's own equipment is protected by suit¬ 
able overload devices. 
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It is evident that a switch failure or short circuit on the station 
busbars is a form of trouble to which the balance system of pro¬ 
tection is applicable with satisfactory results. It is noted in 
actual practise, however, that owing to the success attending 
the operation of oil switches in the protection of feeders and 
station apparatus, the need for special protection for busbars is 
rarely recognized in commercial operations. 

While mention has been made of the simplicity of the relays, 
it is not to be inferred that a certain amount of care and testing 
is not required for their maintenance. On the contrary, it is 
desirable to test the operation of the relays and continuity of the 
pilot circuit at regular intervals, by manually operating the relays 
to open the switches at the ends of a protected line. The amount 
of fault current upon which the relays are to operate having been 
previously determined and adjustments made for such values, no 
further tests are required except those to determine the mechan¬ 
ical condition of the relays and switches, and the continuity of 
the pilot wires. 

To those who may contemplate the use of the balance system 
of relay protection, too much cannot be said in emphasizing the 
necessity of using series transformers of ample capacity and 
exactly similar ratios. 

Determination of actual transformer ratios should be ascer¬ 
tained by actual tests on each group of transformers to be bal¬ 
anced against each other in service. By this method errors in 
ratio under abnormal overloads may be determined in advance 
and corrections made to insure the proper operation of the pro¬ 
tective apparatus under all conditions. 

In English practise a series transformer with a single primary 
turn and an open magnetic circuit has proved most satisfactory 
in all respects. Transformers of this design may be more con¬ 
veniently tested and adjusted for balance than any other type, 
although series transformers of both open and closed magnetic 
circuit types are in general use, and after adjustment render 
equally efficient service. 

Transformers used for feeder protection must be constructed 
with ample insulation between secondary turns, for when op¬ 
erated with secondaries open-circuited or bucking, potentials are 
created in the secondary circuits which are usually in excess of 
those for which standard series transformers ordinarily used in 
our practise are designed. These potentials often reach 600 to 
700 volts in transformers used with the Merz-Price system for 
the protection of long high-tension feeders. 
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In order to illustrate the application of this system of pro¬ 
tection to various situations, there follows a series of diagrams, 
Pigs. 3 to 8, showing typical arrangements and connections of 
transformers, relays and pilot wires, as used in protecting cer¬ 
tain apparatus. 

Pig. 3 illustrates the application of “ current balance protec¬ 
tion ” to generators—-series transformers of proper capacity and 
ratio are inserted in the generator circuit with their secondaries 
connected through pilot wires to relays arranged, to control the 
opening of the main generator switch. 

Any failure within the generator windings or connections to 
the buses, which affects the balance of current in the main and 



Pu», 3 Generator Protection the. 4 Transformer Protection 
Current Balance, -Current Balance. 

secondary circuits, causes the relays to open the main switch 
and disconnect the generator from the system. 

Puses are inserted at F to shunt the relays when a time element 
feature is desired to prevent the main switch opening upon the 
development of heavy currents which sometimes occur during 
synchronizing. 

In Pig. 4 is shown the arrangement of series transformers and 
relays for the protection of transformers. 'The small sketch 
shows the secondary circuits only. Puses for the time limit 
protection, marked F, are included to provide for momentary 
rushes of magnetizing current, when the main transformer is 
connected to the system. It is customary to remove these fuses 
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after the transformer is in service if no time limit protection is 
then desired. 

Fig. 5 shows a method of protecting against faults in feeders 
by the “ e.m.f. balance method.” This has been found more 
desirable than current balancing, as the energy required to over¬ 
come the resistance of the pilot wires on long feeders would be 
prohibitive. The two small sketches show" methods of connec¬ 
tion employed with grounded and non-grounded neutral sys¬ 
tems. 

Fig. 6 illustrates the application of “ e.m.f. balance protection ” 
to main feeders with tee connection on systems with insulated 
neutral. Tee connection on such feeders should be avoided 
wherever possible. 




Pig. 5—Feeder Protection— Fig. 6—Feeder Protection— 

E. M. F. Balance. E. M. F. Balance. 

Fig. 7 illustrates a method of protection occasionally used, 
styled “ neutral wire balancing.” The transformers are con¬ 
nected as for current balancing, with the neutral wire connecting 
between the two points of equal potential at the ends of the pro¬ 
tected section. In this case no current passes through the pilot 
system in which the relays are connected, under normal conditions. 

The method shown in Fig. 8 has its application to single radial 
feeders and depends for its operation upon the leakage of current 
to earth, from one of the conductors in a three-conductor feeder. 
Such unbalancing in the current in the three conductors of a 
feeder destroys the balance in the relay or trip circuit, and re¬ 
sults in opening the main switch to disconnect the feeder. 
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As previously noted, the most reliable opemtion is secured 
where a storage battery is used to supply tripping current 
although these batteries are not shown in some of the diagrams 
Referring for a moment to Fig. 1, there* is shown the applica¬ 
tion of balanced protection to a high-tension feeder system in 
which both ring and radial systems are combined. Two genera¬ 
ting stations are shown feeding into (lie same network, indica¬ 
ting the flexibility possible in the application of this form of pro¬ 
tection to all situations. If will be noted that a combination of 
two methods is employed at the ends of I he feeders at, generatin'' 
stations, and at points where cross-connections between feeders 
are made at, substations. 
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As the Mere-1 Tice protection is for faults and not, for over¬ 
loads, it is advisable to add a time limit relay for overload pro¬ 
tection at certain points as indicated, to provide for possible con¬ 
tingencies 'such as a 1 uisbar fault or switch failure in a substation, 
which , being simply a short circuit between the conductors of a 
feeder, would still result, in a uniform current throughout the length 
of the feeder, and therefore not affect the balanced protection. 
This possibility is actually very remote, as ordinarily such a fault 
woutd . naturoJly develop short circuits to earth, producing 
conditions favorable for the operation of the balanced protective 
devices. 

lime limit relays on cross-connections between feeders serve 
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to separate the feeders into groups upon a short circuit occurring 
on any single feeder, thereby limiting the spread of trouble be¬ 
yond the original feeder or group of feeders in which it occurred. 

It is advisable to adjust time limit relays for practically in¬ 
stantaneous tripping when used on cross-connections between 
feeders, and when employed at generating station ends of such 
feeders in conjunction with balance protection, relatively long 
time limit settings should, be employed. 

After personally observing the results attained by users of 
the Mcrz-Pricc system in England in protecting station appa¬ 
ratus, such as transformers, the writer deemed it desirable to 
apply this form of protection to the transforming apparatus in 
the substations of the company with which he is connected. 

Current balancing proved the most desirable system of protec¬ 
tion to employ, affording as it did an opportunity to use existing 
series transformers for operating the relays. These transformers 
were tested carefully to determine their actual capacity and ratio 
under heavy overload conditions. The results show that certain 
types of standard transformers are entirely satisfactory for use 
with this system of balance protection. Experimental circuit- 
closing relays were constructed and substituted for the time 
limit overload relays formerly used in the protection of three 
5000-kw., three-phase, 7000/ 14000-volt, 00-cycle transformers in 
the main generating station of the Boston Edison Company. 
Several months’ use of the apparatus has given most satisfactory 
results in handling the heavy rushes of magnetizing current de¬ 
veloped by switching operations when the transformers are cut 
into service, as well as those caused by faults in overhead and 
underground feeders. The relay which was finally adopted is 
of the simplest form, comprising suitable circuit-closing contacts 
and a single solenoid provided with two similar windings of the 
same number of ampere-turns. One relay was provided for 
each phase of the main transformer to be protected, with its two 
windings so connected to the secondaries of series transformers 
that they opposed each other when the current in the main trans¬ 
former windings was normal. 

The relays, Fig. 0, were adjusted to close with an unbalanced 
current equivalent to 1.50 percent of the normal full load current 
of the transformer, this allowance covering the magnetizing cur¬ 
rents developed when a transformer was switched into service, 
without making it necessary to resort to Lime limit attachments 
on the relay to meet these conditions. 
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methods of relay protection. Where such protected lines a 
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ring feeder supplying, several substations. 
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verse time limit overload relays and two sections with the 
“ balance protection.” 

Assume that sections 2 to 4 are adjusted to trip on fault 
currents equivalent to 20 per cent of normal full line current. 
Adjust time limit overload relays on 1 to 5 for twice normal full 
line current in three seconds, and adjust similar relays on section 
8 for half these values. It will then be possible for a fault to 
appear on 3, causing its relays to open, without interrupting the 
service on the other sections of the ring. 

Similarly, either section 2 or 4 may prove defective and be 
cut out of service automatically by t he “ balance protection ” 
without affecting the other sections, assuming in each case that 
the lines comprising the ring are of sufficient capacity to carry 
the whole load in either direction. 

Should section 1 be damaged it is probable that the relays on 
section 1 to 3 would open on account of their relative adjust merits, 
thus interrupting service from two substations for a time at least. 
The same conditions would apply to a fault on 5, and although 
somewhat unsatisfactory in the last two cases, the results are a 
great improvement over those obtained from the use of inverse 
time limit overload relays ordinarily used for stub stations. 
Variations in the location of the section of lines equipped with 
balance protection will introduce neve combinations of relay 
adjustments, but the conditions suggested in Fig. 10 will illus¬ 
trate the possibilities and results obtainable by a partial applica¬ 
tion of the balance protection to an existing system of feeders. 

Another arrangement of the Merz-Price system is shown in Fig. 
11,representing the application of the n magneticbalanee system M 
to the protection of certain important tie line feeders connecting 
two large generating stations of the Commonwealth Edison Com¬ 
pany, of Chicago. 

In this case the magnetic balance system was chosen,as it 
afforded an opportunity to employ existing series transform¬ 
ers, by simply adding relays and a special balancing transformer 
with windings arranged as shown in the illustration. The 
adaptation of this apparatus to an existing switchboard panel 
is shown in Fig. 12, where the change from inverse time limit 
overload protection was made with scarcely any disturbance to 
existing switchboard arrangements. Experience with this instal¬ 
lation is somewhat limited, but in so far as operated the results 
are satisfactory, and the engineers of the company are studying 
the further application of the system of protection to other parts 
pf the system. 
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-\nulluT systein of relay protection has been devised by Mr 
1 Iochstadlor of t oln«ne, Germany, which, while somewhat dif- 
lereni ,n principle, cherts the same results in feeder protection 

;;; r , NIl ‘ rz : [ n ; V systcni - 1,1 this «ystt*m, when applied to a 
dim-phase feeder, a copper ribbon is wound spindly around 
each mam conductor of a three-conductor cable durum the pro¬ 
cess ol manutacture. These ribbons are insulated from the main 
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eomlurtorn and sheath, anil from each other, and in service are 
connected man auxiliary storage battery and suitable relays, all 
arranged to operate l he main feeder switches upon the occasion 
of a fault in the main cable. 

Whenever the insulation breaks down at any point in the cable, 
a connection is established between the main conductor and its 
copper ribbon, or between conductor, copper ribbon and sheath, 
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thereby allowing current to flow in the relay circuit to actuate 
the feeder switches at both ends of the defective feeder, as clearly 
shown in a typical diagram of this system reproduced in Fig. 13. 

Choke coils are included in the relay circuit to limit the alter¬ 
nating current which would otherwise flow in the circuit formed 
by the copper ribbons around the conductors. 

This system admittedly possesses some admirable features, 
particularly in the absence of a separate pilot wire cable, and 
while somewhat complicating the construction of the main feeder 
cable by the introduction of the copper ribbons, this detail 
appears to have been satisfactorily accomplished. 

A number of installations using the Hochstadter system of 
protection have been made in Germany, notably in Cologne, 
where an extensive three-phase ring transmission system has 



Fjg. 13— Diagram of Connections of Hochstadter System of Pro¬ 
tection Applied to a Three-Phase Feeder. 


been in operation at 25,000 volts for a considerable period with 

great success. . , , 

While other modifications of the Merz-Pnce system have been 
developed and applied to commercial practise, there is always 
evident a desire in the minds of all engineers interested m e 
subject to do away with the pilot wires and accomplish the same 


results in other ways. , , , 

Messrs. Faye-Hansen and Harlow, of England have brought 
out a system of balanced protection, in which the balancing 
secondary currents from series transformers is accomp is 
the insertion of variable artificial resistances m the secom y 
circuits, in a manner said to be more convenient than in the Merz- 
Price method. However, as the system is based on the P^ P 
balanced protection and still reqmres iP ilot wires, although in 
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.some rases less in number, there appear:. n» In.-- no decided at 
vantage in usiny it in preference fo the earlier method, miless 
l»f* that Miit 1 prefers a scheme in which relays mav hr mum ted ai: 
straight- allcruatinjpeunvnt trip coils. employed to operate ti 
main switches. 

A tin* 1 lit n I of protection for parallel feeder;, without pilot win 
has been used by an Knyjish company, whir!* consists of a eon 
binatiun of overload balanced ?vlay : - at nm* end and simple tri 
coils at the other end of such feeder::-. 



fun U Skikciivk Rw.ay wtrinit t Pumi Wumv 

I* iK- bl- illustrates tin* met tied of applying thin protection, frnr 
which it will he noted that if used with a ample pair of feeders 
both will be cut. out should either feeder prove defective, 

lf» however, two pairs of feeders are in service the prutertio: 
may he made selective, in so far as trouble on one feeder in a pai 
will only cause that pair to he cut out of service, leaving Lh 
station running Irotn. the re? nut nil 4 * feeders wit hour intetTuplioii 
While this method has been used it? some extent with success, i 
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is apparent that in principle it is not discriminative except under 
certain conditions, and, therefore, is not fully adapted to all con¬ 
ditions met with in practise. 

There will be undoubtedly other methods of protection brought 
forward in the future to improve the operation and reliability 
of our electrical systems. In the meantime those engineers who 
have difficult problems of this character in hand may with profit 
investigate the improved methods employed in foreign countries 
in the protection of electrical equipment, with the assurance 
that a solution of practically all problems of that character may 
be found. 

In closing the writer wishes to acknowledge the assistance 
rendered by Mr. Charles H. Merz and his assistant Mr. P. V. 
Hunter in furnishing information and diagrams concerning the 
construction and operation of their system. 

I am also indebted to the engineers of the Commonwealth 
Edison Company for the infonnation regarding their experiments 
with balance protective devices, all of which assistance has made 
possible the presentation of this paper. 
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carefully enough to notice whether this system has been applied 
to busbars, but it would seem to be particularly applicable to 
them. 

L. C. Nicholson:^ In connection with Mr. Elden’s paper it 
might be well to review the situation with reference to transmis¬ 
sion lines. Whether or not a system of reverse current and over¬ 
load relays operates .successfully to isolate and cut off defective 
circuits does not appear to be the determining feature as affect¬ 
ing the continuous operation of synchronous receiving machin¬ 
ery. The limiting factor appears to be the speed of the oil 
switch opening the short circuit. The inherent electrical and 
mechanical lag of the best oil switches amounts to something 
more than one-half second. Consequently this is the least time 
in which a short circuit can be switched off, and unfortunately is 
too long a time for synchronous receiving machinery to operate 
successfully under the low-voltage conditions usually accompany¬ 
ing a short circuit. For this reason we do not believe that a 
system of relays, no matter how perfect, can secure continuous 
delivery of power to synchronous machinery fed from transmis¬ 
sion circuits connected in multiple. 

Professor Creighton’s paper is very interesting. There is one 
point which I think should be made a little more clear. As I 
understand it, when applied to cable systems the action of the 
arc suppressor is to suppress the arc and keep it suppressed. In 
other words, it does not make a metallic ground and then remove 
it, but keeps the cable grounded until cut out of circuit. Other¬ 
wise I cannot see how the insulation which has once failed would 
again hold voltage. 

E. E. F. Creighton: There is one question which Mr. Nichol¬ 
son brought up. The arcing ground suppressor as described last 
year had an attachment for immediately opening the circuit. 
The switch short-circuits the arc to ground, and then opens. 
That device is applicable only to insulator trouble. When the 
arcing ground suppressor is applied to the cable system the 
grounding switch remains closed until the cable is disconnected, 
just as Mr. Nicholson suggested. 

L. L. Elden: Referring to Mr. Roper’s question, the reason 
for the use of the time limit relay on a system in which the Merz- 
Price control is used, is to enable the instantaneous disconnection 
of lines upon which faults may occur between conductors, or 
short circuits which may occur between station busbars, in order 
to prevent interrupting the service of the rest of the system. By 
viewing the diagram, Fig. 1, it will be apparent that a short circuit 
on either of the substation buses will result in cutting out the 
station, without interfering with the rest of the system. The 
time limit relays on such lines are usually set at relatively long 
intervals, averaging 15 to 20 seconds, and at relatively high cur¬ 
rents. Overloads on transmission lines within reasonable limits 
need not be feared with this system of protection, because when 
the load on a line has reached an amount which is dangerous, the 
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relay will operate It.) cut tin* line nut ol service, purely for reasons 
of overload. Tht? same condition applies to lime-limit relays 
between different ring systems, as in such eases the setting is in¬ 
stantaneous, thus permit liny an immediate disconnection of 
two ring mains in east* of a fault occurring, on either, which action 
does not mean an interruption of service, but merely an inter¬ 
ruption in a (Toss connect ion, The one point trequent.lv lost 
sight of in considering this system of protection is that it, operates 
only on fault currents. 

In reply to Mr. Osborn, 1 would say that , in general, American 
series transformers are not suitable for use with the balanced 
potential method of protection, although under certain e< mditinns 
they may lie used with the current balance method by substi¬ 
tuting suitable relays for those now in use. 

The use of this system in connection with high tension aerial 
transmission lines, as referred to by Mr. Nicholson, appears to 
require a, wide separation between the transmission line wires 
and the wires of the control system it open wiring is used, in order 
to prevent induced currents operation, tin* relays when then* is no 
occasion for their being so operated. The better plan appears 
to be to employ a three-conductor lend-covered cable, suspended 
in a proper manner on the structure, which const-ruction appears 
to be most sat isfactory in operat ion. 

It is a, matter of record in one severe storm experienced, that 
as many as one hundred short circuits occurred on tin* overhead 
transmission lines of a larye system without, however, discon¬ 
necting or interrupting the service from any single station. This 
simply means that the switches were restored immediately after 
opening, and wen* able to be maintained in operating p<nation 
because the trouble was only momeutarv. 

L. N. Crichton: (communicated after adjournment): The au¬ 
thors of this paper call attention, in Kips. 11 ,d!$ and 111, to 1 he surges 
of current through the aluminum cells which are in circuit bet ween 
the generator neutral and ground, The inference is. that the 
suryes are caused by an excessive potential at the neutral of the 
generator, but it is more probable that they an* due to the char¬ 
acteristic of the aluminum cell and that there is little, if any, rise 
in potential, Fig, IU is almost identical with a number of oscil¬ 
lograms which show the rush of current when a bank of 10,000- 
volt arrester!** is given its daily charge. The curve is not always 
so uniform. For example, tile accompanying oscillogram, No, 
200, shows the charging of an arrester 10 hours after the preced¬ 
ing charge. It is characteristic of these records that the current 
does not decrease as rapidly on one side of the zero line as on the 
other, probably because of the difference in t he exposed urea of 
the upper and lower surfaces of the aluminum cones. In oscillo¬ 
gram No. 200 is shown the charging of an arrester 10 minutes 
after a previous charge and it will be observed that even in such 
a short interval the hydroxide film on the cones ban appreciably 
deteriorated. In the second ease there is no spark gap in series 

















Charging an Arrester 13 Minutes after Previous Charge [uucuroN 

1— Current in generator ground wire 

2— —Potential between center generator lead and ground 

3— Current from center lead through arrester tank 
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with the arrester, so that some current is Mowing, which finally 
becomes a leading current, but which contains a pronounced peak 
in phase with the peak of the voltage wave when the charge is 
started and before the film on the aluminum plates has had time 

to build up perfectly. . , . , . 

These tests were made by connecting the terminals of one ar¬ 
rester tank between the ground an.1 one terminal of an 11,000-volt 
3600-kw. alternator which was can sing a load at the time. 
The current in the generator ground wire differs from the current 
in the arresters by the addition of a third harmonic charging 
current, of the system. The voltage wave across the arrester 
is shown and proves that there is no rise in potential on that 
phase at least. It, is to lie expected that a current wave having 
such a steep wave front would cause considerable rise in voltage 
across any inductance which might be in the circuit, and experi¬ 
ence indicates that such is the ease. To give two instances: a 
couple of hanks of enrrent transformers which are connected to 
a 45,000-volt circuit, spark across their high tension terminals 
whenever the arresters are charged, either in their station or in 
a station three miles away. In the latter ease, each transformer 
carried less than half the current which flows into the arresters. 
The potential necessary b» cause this, sparking is probably over 
7000 volts, but no harm has ever been caused lgv it. In the 
other instance, a magnetic vane lypeof ammeter which was used 
to measure directly the current passing through the arrester was 
damaged by puncturing between turn.,, li hardly seems pos¬ 
sible that tin* current wave wax sharp enough to induce such a 
voltage in a single turn of such a small et.il, but no other expla¬ 
nation has been offered. 
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THE RUNAWAY SPEED OF WATERWHEELS AND 
ITS EFFECT ON CONNECTED 
ROTARY MACHINERY 


BY DANIEL W. MEAD 


In the selection of hydroelectric units, the operating speed 
of the turbines should be so chosen as to give the most efficient 
results under the varying conditions of operation- When the 
head of water is constant, the choice, unless modified somewhat 
by the necessary synchronous speed of the generator, should 
ordinarily be the speed at which the turbine will operate with 
the highest efficiency with the normal condition of load. 

Under operating conditions the normal speed of the turbine 
is usually maintained, as the load varies, by the action of the 
turbine governor which opens or closes the gate or gates by 
which the water is supplied to the turbines, as the load on the 
connected generator, and consequently, on the waterwheel, 
increases or decreases. If the changes in load take place without 
a corresponding change in the quantity of water admitted to the 
wheels, the speed will necessarily vary, increasing as the load 
decreases, and decreasing with an increase in load. Under the 
condition of maximum load, with the turbine gate at or near 
maximum opening, a sudden dropping off of the load without a 
corresponding change in gate opening will give rise to a consider¬ 
able increase in speed, which has in some cases resulted in 
disaster to the connected generators, when such generators had 
not been designed for the overspeed to which they were subjected. 
Such accidents have usually been due to the breaking or sticking 
of the governor or its connections, whereby the control normally 
exerted by the governor on the gate opening has been accident¬ 
ally discontinued, allowing the turbine, as the load dropped, to 
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speed up and run away. Such conditions, while not common, may 
happen in any hydraulic turbine installation, and to assure 
safety under such runaway conditions the generator or other 
rotary machinery connected with the turbine must be so designed 
that it will operate with safety at such runaway speed as is 
likely to occur. 

At present it is current practise to design the generators for 
a possible 100 per cent overspeed in order to assure safety under 
such conditions. Such a basis for design often involves a large 
extra expense in generator construction, on account of the neces¬ 
sary extra strength of the rotor, and an inquiry as to the safe 
allowance for overspeed which should be made under varying 
conditions of operation and installation should, therefore, be of 
interest and importance in securing the necessary safety of the 
installation, combined with maximum economy in construction 
consistent with such safety. 

Nom icnclatu km 

The following symbols will be used in the discussion that 


follows 

D D a = diameter of homologous wheels or wheels of same 
type. 

E = energy. 

e = subscript e attached to any coefficient shows that 

the value of the coefficient as expressed is for the 
conditions of maximum efficiency of the wheel. 

F = force. 

g = acceleration of gravity 82.1(5. 

h ha = head under which wheels are to operate. 

lit head of one foot. 

I = length of brake arm or leverage of resistance. 

n n a = rev. per min, of wheels of diameter 1) and D a under 

same head; also rev. per min. of wheel of same 
diameter under heads of h and h a . 

n\ = rev, per min. under one-foot head. 

P Pa « power of wheels of diameter /> and D a under same 
head; also the power of t he wheel of same diameter 
under head h and A„. 

Pi = power of wheel under one-foot head. 

S = space passed through. 

v « velocity of wafer due to head. 

v a - average velocity. 
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v' = velocity of circumference or periphery of impeller 
which may be measured on any fixed diameter. 

v r — resultant velocity. 

W = weight or resistance applied. 

w = unit weight of water (per cubic foot). 

7 r = 3.14159 = ratio of circumference to diameter of the 

circle. 

0 = v '/ v = ratio of periphery velocity of turbine to 

spouting velocity of water. 

<fi e = ratio of wheel velocity under conditions of maximum 
efficiency. 

<p max = ratio of wheel velocity at runaway speed. 

A = coefficient of speed = speed of one-inch wheel under 
one-foot head. 

CP = coefficient of power = power of one-inch wheel under 
one-foot head. 

N u = the speed of a wheel at one-foot head of size sufficient 
to develop one horse power. 

(P s = power-speed coefficient = the square of the unity 
speed. 

Some Elementary Principles or Turbine Governing 

The writer has already pointed out in another place* that the 
power delivered by any waterwheel may be expressed in terms 
of resistance overcome by the wheel in a known distance and in 
a known time by the formula 


P = 


2t rlW 
33000 


X n 


In this formula, P = power, 

.? x - — = resistance overcome per revolution, and 

33000 

n = the number of revolutions per minute. 

The actual variations of resistance and speed under certain 
conditions are shown in the upper curve of Fig. 1, and the result¬ 
ing variations in power tinder various speeds are shown by the 
low r er curve of the same figure. The conditions illustrated in 
Fig. 1 are not applicable to normal operating conditions of a 

*See “ Water Power Engineering,” p. 440. 
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hydroelectric installation, which require constant speed, but the 
conditions illustrated do apply to the accidental conditions 
above outlined and to the actual working conditions of a pump 
driven by an hydraulic turbine, where the pressure in the 
delivery pipes from the pump is allowed to vary somewhat. 
The upper curve line A X B illustrates the actual and varying 
relations of resistance to speed in a turbine operating at a fixed 
gate opening. The point A shows the condition under which the 
resistance is so great that the turbine is held stationary with the 



result of no power output (see lower curve). The point A" shows 
the condition where the relation of resistance to speed is such as 
to result in a maximum power output of the turbine under the 
gate conditions considered. The point Ji shows the conditions 
under which the exterior resistance is completely removed and 
the entire energy of the water, as far as utilized at all, is expended 
in overcoming the wheel friction, resulting in maximum speed 
and zero power output. 

A turbine‘■driven pumping plant with variable pressure in 
the discharge pipe system will give self-regulation as indicated in 
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Fig. 1. In such case the point A represents a pressure in the 
system so great as to result in the stopping of the pump, and 
hence no speed and no pump discharges. Point A r represents 
moderate pressure and normal discharge for which the system 
is designed, while point B represents the entire removal of pres¬ 
sure and the pump discharging its maximum under the gate con¬ 
dition. In practise, the actual variation extends to a limited 
extent, only, on each side of point X and a radical change in dis¬ 
charge of pressure under satisfactory working conditions must 
be accompanied by a change in the gate opening. 



Fig. 2, constructed from experimental data*, illustrates the 
results which must obtain for the satisfactory regulation of a 
constant-speed hydraulic unit, and consequently, of a hydro¬ 
electric unit. Here again the upper curves show the actual rela¬ 
tions of resistance to speed at various gate openings, while the 
lower curves show the relations of power to speed at the same 

* See Figs. 15 and 16, Bulletin 337, University of Wisconsin. “The 
Relation of Experimental Results to the Theory of the Tangential 
Wheel/’ 
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gate openings shown by the upper curves. In the lower curves the 
speed factor is expressed as a ratio <fi between the peripheral 
velocity of the wheel and the spouting velocity of water. Under 
such conditions satisfactory operation will be represented by 
the line X Xi p pi (p e - The point X and the corresponding 
point p (on the line of 100 per cent nozzle opening of both upper 
and lower curves) represent the conditions of maximum gate 
opening, and consequently of maximum power. If the wheel is 
improperly selected for the load to be carried, and the power 
demands exceed this limit, a slowing down in speed will result 
as illustrated in the discussion of Fig. 1, and under such condi¬ 
tions the service will be satisfactory. If, however, the power 
varies only between the maximum and zero, satisfactory regula¬ 
tion must be accomplished by a proper change in the nozzle 
opening as the load varies, the point of operation dropping from 
position p to p h p 2 , pz , etc., as the power demands decrease, or 
rising from pz to the higher position as the power demands in¬ 
crease. This result is accomplished in practise by a turbine 
governor, the details of the operation of which are immaterial 
for this discussion. Now, if at any point of the load the gov¬ 
ernor becomes disconnected and the load suddenly varies, the gates 
may either remain fixed or swing to a fixed position, and a varia¬ 
tion in speed will result similar to that illustrated in Fig. 1, or 
by any one of the upper curves of Fig. 2 which corresponds to the 
fixed gate opening. If the load is entirely removed a runaway 
speed will result, which may vary according to the fixed gate 
condition under which this accident occurs. 

Fig. 2 illustrates the experimental results from a 12-in. tan¬ 
gential wheel under a 95-foot head, operating under a load applied 
by a prony brake. It will be noted that the operating condition 
is taken at 675 revolutions per minute, or with <p e = 45 (that 
is, with the periphery of the wheel moving with a velocity 45 
per cent of the spouting velocity of the water under a 95-foot 
head). 

In this case, at the maximum or runaway speed <p did not 
exceed cfimax- = 80 for 36 per cent gate opening, or <p max * — 84 
for 100 per cent gate opening, and if a generator had been con¬ 
nected to this wheel these speeds would have been slightly 
reduced by the amount of pow r er necessary to operate the un¬ 
loaded generator. In this case it is evident that the runaway 
speed of the wheel would be 186.5 per cent of the normal speed 
at full gate and 177.5 per cent of the normal speed at 36 per 
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cent gate, without considering other than the actual wheel fric¬ 
tion. 

The Hydraulics of Runaway Speed 
In order to present this subject clearly, it is necessan r to 
consider, briefly at least, the hydraulics of the turbine as it 
affects this problem. A jet of water spouting from the nozzle 
of a wheel will acquire a velocity v due to the head h represented 
in the formula 

v = V2 g h (1) 


and will possess energy in foot-pounds per second E due to veloc¬ 
ity v and weight of water discharged per second, IT = qw, as 
follows * 


W v 2 _ q w v 2 

2 g ” 2 g 


( 2 ) 


The energy of the jet leaving the orifice is the product of a force 
F, which, acting on the weight of water q w for one second, gives 
it the velocity v. 

The space passed through by the force in one second in raising 
the velocity from 0 to v is 


S = Va t = 

and therefore the work is 


(3) 


FS 


F v 
2 ~ 


which is also an expression for the energy of the jet. 
we may write 


(4) 

Therefore, 


and therefore 


F v qwv 2 



qwv 

g 


(5) 

( 6 ) 


The force F will be exerted against any obstruction in its path 
and its magnitude will depend on the momentum of the moving 
stream of water and is directly proportional to its velocity. It 
is also a function of the angle through which the jet is deflected. 
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If friction be ignored, the stream will be diverted without change 
in velocity and the force exerted in the original direction of the 
jet will be equal to the momentum of the original stream less the 
component, in the original direction, of the momentum of the 
diverted jet. (See Fig. 3.) 


qwv qwv qwv 

- --- COS a = ± -(1 - COS a) 

g g g J 


(7) 


If the jet is deflected 180 deg. by means of a semi-cylindrical 
bucket, cos 180 deg. = — 1, and therefore (see Fig. 4) 


(S) 


Tangential wheels utilize the 
impulsive force of a jet impin¬ 
ging against buckets attached 
to their circumference and 
practically semicircular in 
section. 

The bucket must move 
under the impulse in order to 
transform the energy of the 
impact, and the ratio of v', 
the velocity of the center of 
the buckets, to the velocity, v, 
of the jet, is indicated by 0 . 

0 = 



■Force of Diverging Jet. 


(9) 


The force F exerted on the moving bucket is dependent on 
the relative velocity, v r , of the bucket and jet. 


V r = V - <j> V = (1 — <j>) V 


( 10 ) 


The relative weight of water that strikes a single bucket 

bucket's B lf a alSO be J eS t° n aCC ° Unt ° f thS movement of the 
thet thf tLi neW T f tS constantl 3 r intercept the path of 
2“ a ™ nt of water elective is equal to the total 
a of the jet, hence, from equation ( 7 ), 


F — (1 — cos 


qwv 

g 


(1 - 0 ) 


(ID 
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The energy E expended on the buckets per second is equal to 
the force, F, times the distance, 4>v , through which it acts, i.e., 


E — F <j> v — (1 — cos a) (1 — 0) 


qwv 

g 


( 12 ) 


This is a maximum when (1 - <t>) <j> is a maximum or when 

tu = u ■ SubStltuting = 0.5 and cos a = 180 deg. above, we 
then obtain 


£i _ qwv 2 
2 g 


( 13 ) 


In an impulse wheel, it is not practicable to change the direc¬ 
tion of the water through 180 deg., as it would then interfere 



Pig. 4—Jet Diverging 180 Degrees. 

, Witl \ the Reding bucket. The angle cos a must therefore b, 
ess than 180 deg., but the loss from this source is small, probabli 
not more than 0.5 per cent. 

., F ?’ ^ lllus * rates graphically the flow of water into and througl 
the bucket of a tangential wheel at the most economical relative 
. ° C1 y *. ^ uc ket is double, each half being essentially semi- 
circular m section, v is the absolute velocity of the Jet; v' i< 
the absolute velocity of the bucket; v r is the relative velocity 
of the jet m relation to the bucket; or, v r = (1 — 6) v The 
bucket is moving in the direction B B' and occupies successively 
the positions indicated by the vertical lines a, a 1( a 2 , etc., in equal 
ntervals of time The water moves along the surface of the 
uc e wi a uniform velocity, v r , passing successively through 
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equal distances, indicated on the surface of the bucket by the 
lines b , b i, & 2 , etc., in equal intervals of time. 

At each of these successive points the jet has changed its 
direction and its absolute velocity. Its path through space is 
represented by the line BCD. The change in velocity is repre¬ 
sented by the absolute velocity curve, E F , in which ordinates are 
the resultants obtained by applying the principle of triangle 



Fig. 5—Graphical Illustration of Flow in Tangential Buckets. 

of velocities to corresponding velocities of the bucket and of the 
water relative to the bucket. 

At the time of entering the bucket the stream has the abso¬ 
lute velocity, v, represented by the length of the line GE and 
GE' } in the lower diagram, while its velocity relative to the 
bucket is constant and equal to v r , equal to the length of lines 

GH and GH r . For the most effective speed, v r = v/2. 

# 
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At the end of the first interval of time, the jet has moved from 
the original point of contact with the bucket, b, to the position 
bi. Its direction and velocity in the upper half of the bucket are 
represented by the radius GI in the lower velocity diagram, v' — 
4>v, is constant both in magnitude and direction, and this is 
laid off in the lower diagram on the line IJ. The resultant of 
these two velocities is represented by the line G J, which is the 
absolute velocity of the water in space, and to indicate the ve¬ 
locity of the water at this instant is laid off for the purpose of the 
velocity diagram on the ordinate d from the axis G F in the lower 
diagram.. In the same manner each of the remaining points on 
the velocity curve EF is constructed. The jet leaves the bucket, 
as shown, with a velocity, relative to the bucket, of (1 — cj>) v. 
If this velocity is combined graphically with the velocity of the 
bucket <j> v, the true absolute residual velocity v r of the water will 
be obtained. . The efficiency is evidently maximum when </> 
has a value with v r a minimum. This condition can be shown to 
obtain when the triangle is isosceles or when <f>, — (1 
which gives 0 = 0.5. 

The hydraulics of the tangential wheel has been discussed 
somewhat at length on account of its simplicity. If the friction 
of water and air on the bucket could be obviated, and if the 
friction of moving power could be eliminated, the runaway speed 
of the wheel would be equal to the spouting velocity of water, 
which in turn is slightly less than V2 gh on account of nozzle 
and atmospheric friction. In practise, therefore, the runaway 
speed of the tangential wheel is less than V2 gh, i.e., <j> max 
<1.00. In consequence of these friction losses, it was also 
found in the case of the small experimental tangential wheel that 
the values of vary considerably with different heads under 
which the experiment was conducted. (See Table I.) 

The value of <j> max . apparently increases with the head some¬ 
what to about 73 feet, on account of the relatively large friction 
loss at the lower heads, and then decreases somewhat to the 
maximum head, probably on account of the less efficient action 
of the larger quantities of water discharged from the jet 
onto the buckets at the higher head. These results should 
probably vary with the quantity of water for which the 
bucket is designed. In the tangential wheel the wheel diam eter 
should, be measured between the center lines of the bucket, 
on which lies the center of the application of the resultant of 
the combined stream lines of the jet. The peripheral velocity 
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of the wheel measured on this line of application can never be 
faster, theoretically, than the spouting velocity of the water, and 
practically is reduced by friction and windage from If) to 20 
per cent or more below this velocity. 

Table II shows the results of various tests which have been 
made ou tangential wheels. In this table are given as determined 
by experiments, the runaway speed ratio, the most effi¬ 

cient speed ratio, <j> r , and the values of <f> both higher and lower 
than </>, at which the'eUieieney of the wheel was f> per cent below 
the maximum ellieieney of the speed </>,. Below each value of 
c/) the percentage that value bears to <t> mllx . is given. It should 
be noted that any cause that reduces efficiency reduces 
as lor example, tin; use of flat buckets in experiment No. 7. 


TAtU.K ! 

HfX.xwAv semen of win. uohi.k tanokntiai. wheki. at various 
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it is evident that the diameter of the wheel nitty lie measured 
on some other circumference than that on which the center of 
the jet is applied. If, for example, a rim or extension wefe added 
to the wheel beyond the bucket, or if the buckets themselves 
extended considerably beyond the center of pressure, and if the 
diameter and peripheral velocity of the wheel is measured at any 
such exterior circumference beyond the line of applicat ion of the 
jet, t he peripheral velocit y so measured will be found to be mate¬ 
rially greater than if measured at the bucket centers. The per¬ 
ipheral velocity so increased may be so great that the resulting 
value of will equal or exceed the spouting velocity of 

water or t. In reaction wheels such conditions actually obtain. 



RELATION OF SPEED RATIOS UNDER OPERATING AND RUNAWAY CONDITIONS 
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The curves of the reaction bucket are so complicated that the 
center of apj)licatioii of the resultant pressures cannot he accur¬ 
ately determined. The diameters ot reaction wheels are there¬ 
fore measured on the outer diameter oi the buckets and conse¬ 
quently outside of the center ot application of forces, as above 
discussed. The result is that the value ot. in f he reaction 

wheels is greater than unity. 


The relative values of in the various types of reaction 

wheels are further complicated by t he fact that flu* outer diameter 
of the runner may vary at different points, and that even when 
the runners of various makers are of similar design, tin* same size 
of wheel may be measured at different points, and consequently, 
be listed as of different diameter. In general, the section of 
reaction of wheel may be represented by 
the two outlines in Fig. (», and in prac¬ 
tise are measured on the various lines 
marked /), P\ P", 

American praetise, in the measure¬ 
ment of turbine waterwheel diameters, 
as far as I have been able to determine, 
is given in Table III. 



Hydraulics ok t tn* Reaction Ti'Kjum* 

The hydraulics of the reaction wheel, 
on account of a more complicated cur 
vatu re of the buckets, is apparently 
more involved. The reaction wheel is, 
however, subject to essentially tin* same 
principles, although their appliea!ion.is 
somewhat, more o!>seure. 

The velocity of the water through the buckets of the reaction 
turbine is less than in the tangential wheel, and the energy of Uh* 
water is delivered through pressure instead of through impact. 
The energy in both eases is delivered through the reactive pres¬ 
sure, due to a change in the direction of the water jet through 
contact with the surface of the bucket of the turbine, and in the 
reaction wheel tin* conditions are also essentially a;; shown in 
Fig. f>. 



If the reaction wheel could be measured <m the diameter of 
the circumference at which tile resultant ot the active jets of 
wafer is applied, the resulting velocities would closely approxi¬ 
mate those of the tangential wheel. 
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On account of the diversity in practise in the measurement of 
the diameters of reaction turbines, and also on account of the 
diversity of this design, a general statement of the value of 
& max cannot be made, for this value varies considerably in the 
different makes of turbine waterwheels. Reaction wheels vary 
greatly in design and may be roughly classified as low-speed, 


TABLE III 

PRACTISE OF VARIOUS AMERICAN MANUFACTURERS IN MEASURING AND 
CATALOGING THE DIAMETER OF TURBINE WATER WHEELS 


Manufacturer 

Type of runner 

Style 

Point of measurement 

*A-C 


B 

D" 

D-G 

A 

A 

D 


N-A 

A 

D 


S-A 

B 

D" 


I-A 

B 

D' 

R-H 

Mc2 

B 

D 


H 

A 

D 

J-L 

S-L 

A 

D 


Sp-L 

A 

D 


5 

B 

D 


I-S 

B 

D 

J 

Me 

B 

D" 

P-I 

Type A 

B 

D' 


Types B and C 

A 

D 

M-S 

Me 3 

B 

D' 


S 

B 

D f 

T 

S-T 4 

B 

D' " 


H-T 

£ 5 

D 

W-S 


B 

D" 


1. Fillet at angle. Diameter measured just above. 

2. Diameter of runners as measured at the crown which projects beyond the tips of the 
buckets and is essentially the same in diameter as at D'. 

3. Diameter of the runners as measured at the crown which projects beyond the tips of 
the buckets and is essentially the same in diameter as at D'. 

4. Diameter at D is 20 per cent greater than at D' ". 

5. Bucket of high-speed runner has parallel edges but is cut back as shown in B. 

moderate-speed, and high-speed wheels. In the low-speed wheels, 
the values of <p G which will result in the greatest efficiency will 
vary perhaps from 0.60 to 0.70; for moderate-speed from 0.70 
to 0.80, and for high-speed, from 0.80 to 0.90. This, however, 
is a general statement and others might not agree to the exact 
limits of values given. In each case the actual speed of the wheel 
under the conditions of operation should be determined and the 
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maximum speed which may possibly obtain. When the runaway 
speed of the waterwheel is definitely known and the value of <p e 
at which the waterwheel will operate under fixed head is also 
established, the relation of the operating to the runaway speed 
can be definitely determined and the deduction drawn as to the 
necessary strength of the rotary machinery to be operated there¬ 
by. In many eases, however, the hem! under which the turbine 
is to operate is not fixed, but varies between conditu>ns of extretne 
high water and conditions of extreme low water. In low-head 
plants the head is normally much greater under low water condi¬ 
tions and much less during flood conditions, This variation may 
in some cases be relatively great. In ordinary practise it is not 
unusual for the minimum head to he ntl per cent of the maximum 
head. In such eases, t he relative speed of the wheel will vary in its 
relation to the spouting velocity oi water inversely as the square 
of the head; and in the ease mentioned, will vary essentially 
as 10 is to 7; that is to say, when* the minimum head is one-half 
of the maximum and t he wheel is operating at a uniform speed, 
the value of </> will vary under different conditions, for example, 
from 0.49 to 0.70, 0.50 to 0.80, DAYS to 0.90, or 0.70 to !. 
In many modern turbines, such ranges of relative speed are 
possible with fairly good resulting efficiency. In such eases, the 
most satisfactory relative* speed and practically the highest 
efficiency will be reached at a point intermediate between the 
extremes given. Under such conditions, the relative operating 
speed of wheels under conditions of high head is much lower than 
under the best conditions, and under low head is much higher 
than for the best conditions, and if the turbine should overspeed 
during periods of high heads, the relative increase in speed due to 
the runaway condition will greatly exceed that which would 
obtain under normal conditions or under low head conditions, 
In order to form a basis for an intelligent estimate of the relation 
of the runaway speed of wheels to the (Operating speed under the 
conditions out lined, I have prepared Table IV.showing the results 
under test. <>| various types of reaction waterwheels on which 
experiments have been made. In this table is given the value 
4>max corresponding to the runaway speed as determined by 
experiment, also the value </>„ at which the maximum efficiency 
was secured. There is also given the variations in <j> at which 
the wheels operated with a per cent Jess efficiency both above 
and below the most economical speed. These variations in <{> 
correspond approximately to those required for the 50 per rent 


TABLE IV. RELATION OR SPEED RATIOS UNDER OPERATING ANfi 
RUNAWAY CONDITIONS 


| Reaction Wheels 

Manu¬ 

facturer 

Hol¬ 

yoke 

test 

num¬ 

Diam. 

of 

runner 

Values of 4> 
for relative efficiency 

Runaway 

ratio 

Remarks 


ber 


-5% 

<i>e 

-5% 

4>max 


W-S 

1795 

32 in. 

0.563 

218% 

0.738 

153% 

0.826 

148.4% 

1.225 

Feb., 1909 

w-s 

1796 

28 in. 

0.675 

180% 

0.800 

151.9% 

0.965 

126% 

1.215 

Feb., 1909 

W-S 

1797 

30 in. 

0.681 

181.6% 

0.7S2 

158.1% 

0.961 

128.7% 

1.23S 

Feb., 1909 

w-s 

1799 

31 in. 

0.640 

190.4% 

0.755 

161.2% 

0.874 

139.4% 

1.218 

March 1909 

w-s 

1800 

31 in. 

0.669 

192.2% 

0.781 

164.5% 

0.943 

136.2% 

1.285 

March, 1909 

A-C 

1778 

30 in. 

0.668 

203.2% 

0.S15 

166.6% 

1.012 

134% 

1.358 


A-C 

1883 

30 in. 

0.613 

217.5% 

0.75 

177.5% 

0.896 

148.6% 

1.332 


A-C 

1815 

45 in. 

0.691 

1S3.8% 

0.815 

155.8% 

0.987 

128.6% 

1.270f 

t0.9 gate 

M-S 

19S3 

30 in. 

0.629 

188.9% 

0.767 

155% 

0.84S 

140% 

1.188 

Feb., 1911 

M-S 

1820 

48 in. 

0.631 

194% 

0.75“ 

162% 

0.930 

131.5% 

1.224 

June 1909 

J-L 

1690 

45 in. 
(38? in.)* 




1.412 
(1*21)f 

Sept., 1907 

J-L 

1903 

50 in. 

(43 § in.)* 


0.868 

157.2% 


1.365 
(1.19)t 


J-L 

1896 

35 in. 

(30£ in.)* 


0.899 

156% 


1.40 
(1 - 22) t 

April, 1910 

D-G 

1509 

44 in. 

0.652 
192% 

0.781 

160% 

0.932 

134.1% 

1.250 

March, 1904 

D-G 

1835 

60 in. 

0.639 

198% 

0.759 

166.4% 

0.937 

134.9% 

1.263 

Aug., 1909 

J. B. Francis 
Fourneyron 
turbine J 


113 in. 

« 

0.44 

356% 

0.75 

209% 

0.101 

155% 

1.566 

See Water 
Power Engi¬ 
neering p. 703 

R 


4S in. 

0.54 

190% 

0.68 

150.5% 

0.79 

129.5% 

1.023 

See Water 
Power -Engi¬ 
neering, p.704 

H-M 

OSS 

42 in. 


66.5 
168% , 


1.120 

See Water 
Supply and 
Irrigation 
paperU.S.G.S 
No. 180 p.60. 

H-M 

1030 

45 in. 


66.5 

169% 


1.124 

See Water 
Supply and 
Irrigation 
paper U. S. 
G. S., No. 180 
page 60 

H-M 

1077 

51 in. 


67.7 

170% 


1.151 

See Water 
Supply and 
Irrigation 
paper U. S. 
G. S., No.lSO 


1_ 1 1- _t_ 1 , 1 _l_ I page 64 1 

Note. Percentages show relations of runaway to operating speeds. 

*These diameters show the corresponding size of the wheel measured at the center of 
the gates and values of <j>max • marked f show the values calculated on these diameters. 
$No longer manufactured* 
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range in heads discussed above, in each case the percentage 
( 'f <f> m ,ix to the operating value of cj> is given just below the value 
in question. This percentage, in both 'Fables II and IV, shows 
the telativc speed tor which attached machinery must be 
designed to meet runaway conditions if operated at ’</>, or under 
the two extremes "ivem 


vai w; 

ltd' H 




Fur (ho J L whorls flu- values of 0 are calculated both for 
the* table diameter and also ior t lu* actual diameter measured at 
{,1 h‘ confer oj the j»ates. From a comparison of t hese values it; 
will be noted that, while the speed of t hose wheels seems unduly 
hif'h when based on the imaker's measurement.:-*. t hey aet.ua.lly 
correspond closely with of Iut standard wheels when based on the 
diameter measured at the cate centers 
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From Tables II and IV some general conclusions can be drawn, 
but as in most problems of this class, general statements are 
apt to be misleading, and the speed problem should be carefully 
analyzed for each particular case. 

As a brief example of such wheel analysis, the writer has con¬ 
sidered a single type of wheel under various conditions of use. 
Fig. 7 shows a complete graphical record of the W-M test (No. 
1800) of a 31-in. reaction turbine, so analyzed that all of the 
fundamental data for power, speed and efficiency are given for 
any wheel of homologous design, or identical in type, regardless 
of size, as well as for the particular wheel on which the experi¬ 
ments were made. 

In this diagram are given the values of: 

The efficiency of such wheels at various relative speeds. 

4> = the ratio of peripheral to spouting velocity. 

A = the speed at one-foot head of a one-inch wheel of homol¬ 
ogous design. 

(P = the power under one-foot head, of a one-inch wheel of 
homologous design. 

(9 a = the speed-power coefficient. 

The value of (P 3 is expressed by the equation 

<t> = Vtl, 

¥>! 2 ( 14 ) 

This coefficient is the square of the coefficient of “ unity speed” 
of the type of wheels considered, and is used in the above form 
to facilitate calculation for water power purposes. 

It should here be noted that in general, when the coefficients 
of a series of wheels of homologous design are given, they are 
given for the condition of maximum efficiency, and maximum 
efficiency can only be obtained by operation under the fixed 
value of <fre or A e . 

Any wheel, however, may be so installed or operated that <j£> 
or A may vary from 0 to maximums which are approximately 

(j) max ~ 1 • 28 

A max — 2400 

In consequence CP will vary from 0 with <j> = 0 to an approxi¬ 
mate maximum with. 4> e and then to 0 again with <fi max . 

Efficiency will vary in essentially the same manner. 
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As (P, varies with the square of ihe speed and diivot.lv with 
the power at full gate, .it also varies from (I with 0 p thnnudi 
a maximum to a value- of 0 at 1'he maximum value 

of 6’ s does not occur with 0,. as will he noted from Fie. 7 
In many series of wheels of homologous design the following 
principles hold within the limits of error due to imperfect: 
construction and installation. 

Where <f> is held at a constant, value: 

Efficiency will remain constant, for any given gate openin'- 

l>» ^ IK, n, 

v h ^ lit (16) 

i.e., the rev. per min. vary directly with \ I, and inversely with 
the diameter of the wheel. 


/> /» ( 

D-h''" />/ /.p .• ( 16 ) 

i.e., the power of wheels varies directly with P" and with IP " 
With wheels of the same diameter arid with 0 held at a con¬ 
stant value 

M ».i 

\ It \ h„ (17) 

lhe rev. per min. oi a wheel vary directly with \ h. 


P /*,, 

IP - It,; 1 ■‘ (18) 

lhe power of a wheel varies directly with IP ■' 

Ihe following relations also nl.ttam• 


0 


v 

v 


A 

1812 


(P 1 )•* ■ 

fP, IP ” 
«". 


n n 

IN 12 v /, 


(19) 

( 20 ) 


( 21 ) 


mavt^Tf -° Vf 7 ’ ,f ' ,S < ' Vi ' it ‘ nl lhat Ih< * efficiency 

7. -MOO W r ° m U,iS Sn-it ' S ,,f w]m ' h *».S1 and 
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If we desire to secure 1000 h.p. with a wheel of this type at 
25-foot head and 100 rev. per min., 


/yj 1 00 

n i = speed at one-foot head = —=- = = 20 

Vh V2o 

Pi = power at one-foot head = = tw— = 8 

h i/A 125 

(P, = Hi 2 Pi = 3200. 


This shows that a wheel of this series will operate under these 
conditions to the best advantage. 

The size of the wheel can then be determined as follows: 
n 1842 <j> _ r . , 

u ~ —-- = 74.5 inches = diameter of wheel. 


= 1.275 

4>e 0.81 


157 per cent = relative runaway speed. 


Runaway speed =157 revolutions per minute. 

If we desire to operate a wheel of this type and of 75-in. 
diameter under conditions where the head will vary from 16 to 
32 ft. under various conditions of river flow, a somewhat different 
problem must be considered. With <j>, = 0.81 and h = 32, a 
75-in. wheel would run at 113 rev. per min. and would give 1470 
h.p. at full gate. 

With 4> = 0.81 and h = 16, a 75-in. wheel should run at 80 
rev. per min. and give 520 h.p. In order to run at both heads 
with reasonable satisfaction a constant and intermediate speed 
must be selected, which from trial appears to be n = 90. 

Under this condition 


75 X 90 

with h = 16, (t> = 1842 x - = 0.916; (?, = 4100; P = 520. 
75 y QO 

with h = 32, (j> = -jg | 2)<5 6 = 0:647; <P # = 1900; P = 1270. 


Under these conditions the power and efficiency is consider¬ 
ably reduced at 32-ft. head, which may, however, be warranted 
by the condition. 

Under the above conditions the runaway speed at the 32 ft.- 
head will be 


0 


1.275 


197 per cent = 177 rev. per min. 


0.647 
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III iillffilf 

, 111 ,lus ,u;umer l!lt ‘ aeltial runaway speed ran hr ascertained 
witJi any yiven wlirrl ami under any condition < if lu-ad. It should 

la ' that the results may hr modified somewhat 

hy various physical conditions. 

I. The value of <f> mtx under liiyh heads may increase somewhat 
over that, determined hy tests yiveh above, on account of the 
tael that the friction does not increase as rapidly as the power 
lit u!t*r incivasiMl heat Is. 

t ** * \alut‘ ut <p m , tx will tkvivasi* slightly \vlu*n the tur- 
hiues are directly connected p, generators on account of the 
pmwr neetsssary in mow tin* saint* when running liyht, 

n»‘ writer ran offer no data on which to estimate these changes 
ai </> « lf ji v., but such ehanees are nut la rye. 

('t >Neu;sH ins 

From an inspection of Table II it. will he seen that in the ease 
ot impulse or tauyeiitia! wheels which are used under hij;h heads, 
which heads, are generally relatively const am., the over-speed 
to he cared tur should he estimated at 100 per cent of the nor- 
mal r.ptvtj. 

In ycmTal, I rout an ius|H.viit>u ut TahU* IV, it may Ik* slated that 
when a read ion turbine is. wurkiup at Hu- most efficient Sliced 

ratio ti/» f ) and the head is ... the runaway speed (</> mM ) 

mav he as. low as toll per rent or as 1 tii*h as I,SO per cent, of such 
speed, accordiiif,; to the type of wheel used, or, otherwise, that 
tin* over speed may he Irom at) to SO per cent above the normal 
speed ot a reaction w heel. If, however, under the low head con¬ 
dition there is. wide variation in the head available under different 
conditions, of stream llmv, and if the wheel is designed to work 
under these various conditions, and the speed chosen is inter¬ 
mediate to that whit'll would he chosen under either extreme, 
then, tinder the maximum head a runaway speed of 200 percent 
or more ot the normal speed may he realized. 

These conclusions are only general, and in all cases a detailed 
analysis; should he made, based on test data for the particular 
type of wheel which is to he used, and considered for the extreme 
mime of heads and the exact, conditions which must be antici- 
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application op electric drive to paper 

CALENDERS 


BY E. C. MORSE 


Motors have been used in paper mills for the last twenty years 
and have been applied with success to every machine used in 
the process of making paper. 

By means of motors it has been possible to study the power 
requirements of various machines and much useful information 
has been obtained for the manufacturer of the paper, of the 
machine, and of the motor. 

As far as the writer knows, very little of this information has 
been published and it is the intention of this paper to set forth 
facts that have been observed and state the possible laws that 
may be deduced from these facts. 

This paper is confined to the finishing department of the paper 
mill and more particularly to the motor drives for three types 
of paper calenders. 

Paper as it leaves the machine does not, for many purposes, 
have a sufficiently high glaze and it is therefore necessary for it 
to undergo some further process known as calendering. This 
may be done in one of three ways: first, the whole roll may be 
calendered by passing the paper through a “super, or web 
calender;” second, the paper may be cut in sheets and these 
sheets calendered in a “ sheet calender;” third, the paper may 
be cut in sheets and calendered in a “ plater.” The method 
used depends on the kind of paper and the kind of finish desired. 
All “ loft ” or air-dried papers are finished either in a sheet cal¬ 
ender or a plater, as the paper must be cut into sheets before 
drying. These papers are usually of the higher grades. 
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Super Calenders 

A super calender (Fig. 1) -consists of a stack of rolls carried 
in upright housings, each roll having its own bearings, which are 
so constructed that they are free to move vertically. Power 
is usually applied to the bottom roll (occasionally to the third) 
and the other rolls are driven by friction from this one. Oil 
for lubrication is supplied to the top journals and is carried down 
through the other bearings by gravity. The top and bottom 
roll and the small or intermediate rolls are nearly always steel; 
the other rolls may be either steel, chilled iron, paper or cotton, 
depending on the kind of paper and finish desired. A system 
of levers with weights is used to apply pressure to the top roll 
in order that there will be proper pressure on the paper. The 
number of rolls is nearly always odd and may be three, five, 
seven, or nine, usually seven or nine. The diameter of the bottom 
roll varies from 18 in. to 24 in., the intermediate from 10 in. 
to 16 in., the cotton or paper rolls from 14 in. to 20 in. Calenders 
are built varying in width from 36 in. to 125 in. 

Requirements for Drive of a Stiper Calender . One end of the 
paper is taken over the top of the calender and then passed 
back and forth between the rolls, shown in Fig. 1, to the 
bottom of the stack and then to the winding roll. In order 
to pass this paper through between the rolls, which process is 
known as “ threading in,” it is necessary to operate the rolls at 
a slow speed and it is very important that this speed be constant. 
This speed varies in different mills from 20 ft. per minute to a 
maximum of 100 ft. per minute. As soon as the paper is 
“ threaded in ” and started on the winding roll, the calender 
must be speeded up and will then operate at a speed be¬ 
tween 400 ft. to 800 ft. per minute, depending on the method 
of drive, the operator, and the kind of paper calendered. It 
is therefore necessary to provide at least two speeds on each 
stack, one a low speed and the other a high speed, regardless of 
the method of supplying power. It is very important that the 
acceleration be smooth from the low speed to the high speed 
in order not to break the paper and cause the consequent loss 
of production. It is also very advisable to have a method of 
slowing down, when a weak or tom place in the paper appears, 
and of smoothly accelerating to highest speed again. It is 
convenient to be able to stop the calender from other places 
than at the operator’s usual stand, in case of emergency. 
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Method of Drive 

Group or Shaft Drive. Calenders were originally driven from 
a line shaft and still are in many mills. This shaft may or may 
not be driven by a motor. Fig. 2 shows the method of drive 
and how the “ threading in ” speed is obtained. The cycle of 
operation is as follows: 

Throw in horn clutch a which starts rolls at their low speed. 
After paper is threaded in throw in friction clutch b which con¬ 
nects high-speed driving pulley and increases roll speed to max¬ 
imum. As the speed increases clutch a is automatically thrown 
out. To stop the calender throw out friction clutch b. Both 
pulleys are running all the time. Clutch a is now nearly always 
made a friction clutch and a horn clutch put on pulley c , both 
being operated from the same lever. With this arrangement 






U - PIN CLUTCH 
b - FRICTION 11 
C - PULLEY SLOW SPEED 
(1 - “ HIGH <* 


Fig. 2—Web Calender—Mechanism for Group or Belt Drive. 


the horn clutch is thrown in first and then the friction clutch 
which is now at a. This reduces the shock and allows the calender 
to be stopped if need be while 11 threading in.” 

The high speed must be a compromise between the maximum 
that any of the paper will stand, and a lower speed, which is 
best for the weakest paper. 

Engine Drive. Abroad, and in one or two cases in this 
country, individual variable-speed engines are used to drive 
calenders. As no steam is required ordinarily around a calender 
this engine drive means long live and exhaust steam lines. This 
drive requires space in the basement and an engineer in atten¬ 
dance. A belt drive through floor is used, with the attendant 
grease and dirt which is always present around a reciprocating 
engine. A two-cylinder engine must be used and even then a 
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uniform torque is not obtained. This type of drive docs not 
meet with favor among American manufacturers. 

'Two-Motor Drive. The most natural step, when motors were 
applied to calenders, was to belt motors to the old mechanism 
which was used when the calender was belted to the line shaft 
It was at once seen that a simpler, more compact arrangement 
lH ‘ m; “ k ' ;is <!“' In-Its eliminated, if the motors were 

mounted on same base with the clutches and gears, and geared 


to the driving mechanism. (See Fi< 


»). This 


, ,. . -.. arrangement 

is shown diagrammatically in Fig. -1 and the cycle of operation 
is as follows: 

Unse the eireuit biva.kcT, then 


'■•turt .small motor, now throw 


Fa., 




% 




H-HN CLUTCH 



Wins Vau,suv.h Mia ii.vmnm kok Two-Motor Drive 


in horn clutch at «, which will start the calender at the low 
speed. Alter paper is threaded in, advance controller on large 
moioi, which increases speed ol calender and automatically 
throws out horn clutch at a. The small motor may be shut 
down or left running, as desired. To stop calender ‘the power 
is thrown oiT. 

It is usual practise now to mount a friction clutch also at b 
which is controlled from same lever as ti and operated as de¬ 
scribed under " Group Drive." 

It is now a simple matter to make the large motor an adjustable 
speed motor and obtain smooth acceleration from low to high 
speed. 1 his type of motor makes it possible to gear the calender 
80 that the maximum speed will be the maximum at which it 
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is possible to finish any of the paper and the calender can easily 
be slowed down to accommodate weaker paper or for a different 
finish. 

Two Motors Replaced by One . It is possible to do away with 
the small motor used in a two-motor drive and by means of 
gearing and clutches to operate the calender at the “ threading 
in ” speed from the large motor. This is shown in Pig. 5. The 
cycle of operation is as follows: 

Close the circuit breaker and start up motor. The large 
gear d and pinion e are mounted on a bushing loose on the shaft. 
In starting, horn clutch a is first thrown in, the friction clutch 
c being open. As gear d is loose on shaft the calender is driven 
at the low speed through back gears. After the paper is 



Fig. 5—Web Calender—Mechanism for One-Motor Drive. 

“ threaded in ” friction clutch c is thrown in, connecting gear 
d to shaft and calender speeds up to maximum, while horn clutch 
a is thrown out automatically. 

From the operator’s standpoint this drive is practically as 
good as the “ Two-Motor Drive ” previously described. The 
electrical features will be discussed later. 

One Motor Direct-Geared . In this method of drive there is 
only one large motor direct-geared or belted to the driving roll 
as shown in the diagram, Fig. 6. It is therefore necessary to 
obtain the “ threading in ” speed or a speed f to 1/13 of the 
maximum by reducing the speed of the motor by inserting re¬ 
sistance. The cycle of operation is as follows: 

Close the circuit breaker and adjust the controller until the 
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motor operates at the desired speed. All speed changes are 
made by the movement of the controller handle. 

This drive eliminates all clutches, nearly all the gears and 
makes mechanically a very compact and simple drive. The 
“ threading in ” speed, necessarily, is very unstable, as will be 
seen when the electrical features are taken up. 

Power Requirements 

General Characteristics. The power consumed by a calender 
is entirely used in overcoming friction, therefore a calender re¬ 
quires (within limits) a constant torque. It has further been 
found, from tests, that with most grades of paper, only 15 to 
20 per cent of the power consumed is required by the paper itself, 
and 80 to 85 per cent of the power is consumed in overcoming the 
friction of the machine. Therefore, to drive a given calender at 



I 

* 



. 75 H. P. 


Jf 

MOTOR 


Fig. 6—Web Calender—One-Motor Drive, Direct-Geared. 

various speeds, a motor or engine is required that will give con¬ 
stant torque rather than constant horse power over the range of 
speed desired. 

Low-Speed Power Requirements. As previously stated, means 
must be provided to obtain a slow or “ threading in ” speed, ap¬ 
proximately | to 1/13 the maximum speed of the calender, in order 
that the feeding in of the paper may be done as easily and quickly 
as possible. This speed should remain practically constant with 
the change in torque from the calender alone without weights, 
to the calender with paper completely “threaded in” with weights. 
This increase in torque varies from 10 to 75 per cent, depending 
on the kind of paper or cardboard being calendered. Many low- 
speed drives have been tested and the maximum power required 
by the motor at 50 to 60 ft. per min. on the paper has never 
exceeded five to six horse power, regardless of the size of the calen- 
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der, kind of paper, and the type of drive. Fig. 7 shows the results 
of various tests on different paper calenders at “ threading 
in ” speeds. The points all fall close to a straight line, showing 
the condition of constant torque. These values represent the 
power consumed by calender and drive with paper completely 
“ threaded in”. A motor smaller than 7| h.p. is not to be 
recommended if a separate motor is used, and the gearing can be 
made easily to accommodate a motor speed of 850 revolutions. 

High-Speed Power Requirements, When we come to determine 
the power required by a calender when calendering paper, 
there are many points to be considered. These are listed in order 
of their relative importance, and then each taken up in detail: 



Fig. 7—Power Required for Threading In. 


a. 

b. 

c. 

d. 

e. 

f. 
g- 


Material, size, number and condition of rolls 


[ steel 

i chilled iron, 
paper, 
cotton. 


Number of “ nips” or passes of paper. 

Type bearings i P lain i^mals. 

( roller bearings. 

Kind of stock | pap ® r ' 

(cardboard. 

Pressure on -rolls. 

(1) Power varies with kind of rolls. 

Width of stack or rolls. 

(1) Active width is width of paper calendered. 
Surface speed of rolls in feet per minute. 

(1) Difference in speed between rolls and paper. 


a. The varying of the power with the kind of rolls is closely 
interlinked with the varying of power due to different pressures 
applied. This subject as far as the writer knows has never been 
investigated carefully. It is known that the power varies accord- 
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ing to hardness of the roll, therefore steel or chilled iron requires 
the minimum power, then comes paper and then cotton. This 
variation is probably only a few per cent in most cases. A 
temporary increase of 20 to 25 per cent in the power may be re¬ 
quired by a calender when starting up with rolls and bearings 
cold; this will not usually last more than 15 to 30 minutes and 
can be taken care of by overload capacity of the drive. It has 
also been found that a calender takes a little less power as the 
diameter of rolls is increased, due to the fact that the wedging 
effect is less. 

b. Even though a seven or nine-roll stack is installed, it may be 
found possible to obtain the finish desired without passing the 
paper between each pair of rolls. Each pass is known to the 
paper maker asa“ nip.” The more “ nips ” taken, the larger 
the power, and this increase varies from nearly zero with hard 
paper to 10 per cent with heavy cardboard for each “ nip.” 

c. Practically all calenders are equipped with plain bearings, 
although roller bearings have been used in a few cases. It is 
claimed that roller bearings reduce the bearing friction about 30 
per cent, but the first cost and maintenance is probably higher 
than for plain bearings. It is also essential to keep the bearings 
well lubricated, for, referring to the top curve of Fig. 8, it is 
noticed that the power dropped 8 to 10 kw. or nearly 12 per 
cent when the upper journal was oiled. 

d. The amount of power required by a calender will vary 
according to the thickness of the stock being calendered. This 
stock varies from the thin book paper to heavy cardboard. The 
power required for the heavier grades of board may be from 25 to 
30 per cent more than for the ordinary weights of book paper. It 
is not customary to use as much pressure on the heavy cardboards 
as on the thinner papers. The power requirements for different 
grades of papers of approximately the same thickness do not 
vary to any extent. There is also very little difference in power 
consumed between plain and coated papers. 

e. As the power consumed by the rolls alone of a calender is 
used in overcoming rolling friction, it is correct to assume that 
it will increase about in proportion to the pressure. The total 
load consists not only of the friction of the rolls but also of the 
roll bearings and driving mechanism; which friction will not 
increase directly with the pressure on the rolls. For all practical 
purposes, however, as regards the motor sizes, it is safe to assume 
that the torque will vary directly with the pressure applied to the 
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rolls. • Tests made in German}' show that increasing the pressure 
3.43 times increases the power 2.74 to 2.78 times. Another 
variable that now enters is whether the rolls are steel, chilled 
iron, paper or cotton. The friction of the last mentioned in¬ 
creases somewhat faster than the others as pressure is applied. 

f. Approximately 80 to 85 per cent of the power used in a cal¬ 
ender is consumed in overcoming the roll and roll bearing fric¬ 
tion, except in the case of cardboard. Of this, the amount, con¬ 
sumed by the bearings is a very small percentage. The friction 
of the rolls varies directly as the length of contact, therefore with 
any given design of calender on the same grade and same speed 
of paper, the power required will vary almost directly with the 
width of stack, or the active length of roll face, when calender¬ 
ing. 

following table shows that the constant per inch active 
width remains fairly uniform, the speed being the same. 


Active width roll Constant per inch width 


Minimum Maximum 


28 0.78 0.97 
02 0.905 1,03 
72 0.80 0.94 
75 0.81 0.987 
86 0.93 1.02 


Average 0.85 0.93 

Total average =0.89 


The active width of roll is determined by width of paper and 
this not being known in some of the above cases, probably ac¬ 
counts for the lower values. A constant near the maximum 
should be used in determining maximum power required by a 
given calender. 

g. The power required by any given stack with same width and 
grade of paper will vary directly with the speed at which the 
paper is calendered, assuming same pressure at all speeds. This 
must be true if a calender is considered as a friction or constant 
torque machine. 

Two Germans found from tests which were recently published 
that the power required at full speed was 1.95 times power re¬ 
quired at 50 per cent speed, while the amount of paper turned out 
was 1.75 times without weights and 1.81 times with weights. 
The increase of pressure reduces slippage between rolls and paper; 
as might be expected. 
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Summary of Power Requirements 
In determining the amount of power required by a calender 
the maximum should be considered that would be required with 
paper of full width, making all the passes, running at maximum 
speed for which gearing is designed, and with all weights on pres¬ 
sure levers. Calenders are usually designed so that the maxi¬ 
mum pressure per inch width is constant. If the above points 
are considered, then the overload capacity of the drive should be 
capable of handling any increase in load due to poor lubrication 
and different roll material. (This applies to paper only, as power 
required for cardboard is materially different). Tests have 
shown that the average load on a motor driving a calender is 
from 50 to 66 per cent of maximum while the true heating effect 



INCH WIDTH CALENDER 

Fig. 9—Horse Power per Inch Width, Calender—500 Feet per 

Minute. 

is from 20 to 30 per cent larger than the average, or from 60 to 80 
per cent of maximum. 

Fig. 9 shows the maximum horse power per inch width re¬ 
quired on ten calenders varying from 36 to .86 inches, reduced to 
a 500-foot per minute basis. The low points recorded are prob¬ 
ably due to narrow paper in the calender. Unfortunately, 
complete data as to what weights were used are not available 
on all the tests. This might also account for some of the low 
points. It is probable, however, that a value of 0.95 to one h.p. 
per inch width is the correct constant to use at 500 feet per 
minute calender speed, and if used, the drive will be of sufficient 
capacity to drive the ordinary calender finishing paper with prac¬ 
tically all the weights on pressure levers. Fig. 10 is convenient 
for quickly ascertaining the size of motor for any width calender 
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at f ny common s P e «I and is based on numerous observation- 
and tests. 

T!u . : question wi!I P r ' ,i:, ably be asked. " Whv not chou.se th 
capacity of the motor such that full load on the motor will he the 
same as the true heating effect of the load, that is, front tit) to SO 
per cent of that shown in Fig. 0?" Maximum production is do- 
suec jy the manulaeturer and an alternating-current motor 
having 4 per cent slip at full load will have (» to 7 per cent a t 
C'ast, at 10 per cent overload, and this means a loss of 2 to d nor 
cent, production if the motor is operated at overload while cal¬ 
endering paper, as well as increased stresses in the motor. 



hnw Arymm/ by (anltmni. The power used when card- 

lar h<‘1.v on the personal element of 
.!’ ” 111 !m '! "» *»“* r< edition of the stock as it comes to the 
* W ' |,u . r fl !mv • ; P <r<1 nf “bout, BO ft, per minute a 10-h.p. 

’ " ,7,* n ' t|U,r< " i * whil(> <>><• P'wer requirements for high speed 
should he studied for each particular situation, inasmuch as the 

! J ; W, ' r n ' (1U " V,, l »*:‘V ™ny be 2a to 30 per cent more than for 
Ute same calmuler d calendering pa, er. In many eases, however, 

• V IK used on the rolls. The power required by 
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the calender without the cardboard threaded in is therefore 
smaller (about 40 per cent of the total), while the power con¬ 
sumed by the cardboard is more (about 60 per cent of the total), 
and the total load on the motor may be about the same as if the 
calender was working on paper with heavy pressure on the 
rolls. 

Discussion of Motors and Control for Driving 
Calenders 

As we have previously stated, motor drive for calenders must, 
to be successful, meet certain conditions, as follows: 

a. Give uniform “ threading in ” speed. 

b. Give smooth acceleration to maximum speed. 

c. Must be possible easily and quickly to slow down and again ac¬ 
celerate. 

d. Must be able to operate at various speeds to accommodate various 
grades of paper. 

e. Should be able to shut down motor from various points around 
calender. 

f. Control should be simple and extremely substantial. 

g. Should be capable of stopping calender quickly. 

Two-Motor Equipment—Alternating Current . Fig. 4 shows 
in outline the mechanical drive using two motors. For the 
small motor a 7|-h.p. 850-rev. per min. squirrel-cage type of 
motor is used, which may be provided with an induction type 
starter, or preferably a small oil switch mounted close to the con¬ 
troller for large motor. For the large motor a wound-secondary 
type is nearly always used and a full load speed of 495 or 580 rev. 
per min. is required in order to keep the pitch line speed and 
size of the gears within reasonable limits. This motor is con¬ 
trolled from a drum controller, with external resistance, usually, of 
such a capacity that the motor may be operated continuously at 
any speed as low as 50 per cent of the maximum. Occasionally, 
the resistance is designed for only three- or five-minute service 
on the low speeds. In addition, an automatic oil circuit breaker 
should be installed to protect the large motor and also control 
circuit to small motor. This breaker should be equipped with 
an inverse time element relay so that the momentary peak demand 
for power on accelerating will not trip the breaker. 

One of the most satisfactory controls which has yet been de¬ 
signed for a calender drive consists of a panel on which is 
mounted a set of solenoid-operated switches for main circuit, a 
circuit breaker with inverse time element relay and an ammeter 
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for check on power consumed. With this panel is used a 
modified drum controller and the operation is as follows: 

Close the circuit breaker, throw in the small oil switch start¬ 
ing small motor. When ready, move controller handle to first 
notch, which closes solenoid switches, and continue to advance 
handle until the large motor takes the load from the smaller 
motor. In series with the solenoid winding of switches and 
first notch of controller, may be inserted as many emer¬ 
gency stations as are desired. If' one oi these stations is 
opened the solenoid switches immediately drop out and shut 
down the large motor and the switches cannot again be closed 
until controller is returned to the first notch. The small motor 
remains running but disconnected from the driving mechanism 
by the pin clutch. It is always preferable to stop calender by 
one of these stations, which should be mounted at the controller. 
'Phis control puts the work of making and breaking the current 
on the solenoid switches, which can be made very nigged and pro¬ 
vided with arcing tips. In many mills the number of times the 
current, is broken is S to 12 or even more times an hour, and if the 
calender runs 21 hours a. day, six days a week, the switches are 
called on to break approximately full-load current 1100 to 1700 
times a week. 

The above equipment meets conditions (a) to (f), leaving 
now only the quick stop. From calculations based on a 
tio-in. seven-roll stack, operating at 000 feet per minute, 
it was found that; the flywheel effect of the rolls and mech¬ 
anism, exclusive of the motor and large gear driven by the 
motor, was Hf> h,p-serondK, the motor US lap-seconds, and 
the large gear •If lap-seconds. The flywheel effect of a. motor- 
driven stack is therefore about three times that of a stack driven 
from line shaft and the time required to stop after disconnection 
from power is about, three times as long, Thik is not so import¬ 
ant, on light-weight, paper as on heavy weights. An electric 
brake may be attached to the large motor which will overcome 
its flywheel effect., ft appears, however, more satisfactory, and 
introduces fewer complications to use a mechanical brake on the 
lower roll outside of the calender housing, this brake being 
applied by a foot lever extending close to the controller. 'Phis 
brake is usually made* so that its operation is very effective and 
t he calender can be stopped even quicker than in the group drive. 

I href l ( urrnit. The motor end of a direct -current drive is the 
same as with alternating current , with the exception that in some 
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cases part of the speed control is obtained by varying field 
strength of the motor. The control is worked out in the same 
manner as before; in some instances the drum controller is re¬ 
placed by one of a face-plate type. Sometimes a master con¬ 
troller only is used, which controls magnetic switches for hand¬ 
ling the current. One advantage with direct current is the fact 
that dynamic braking can be obtained automatically and the 
calender stopped very quickly. 

One-Motor Drive (Small Motor Omitted). Fig. 5 shows that 
this drive resembles the two-motor drive, except that by means of 
gearing and a clutch the large motor is made to do the work pre¬ 
viously done by the small motor. The same type of motor and 
control is used as before and the same facts regarding flywheel 
effect and braking are true. The calender is stopped by cutting 
the power off the motor. If the clutch is thrown out then there 
is only the flywheel of the calender alone, as in the belt drive. 
This type of drive so far as is known has never been used with 
direct current, but could be if desired. 

One Motor Direct-Geared—Alternating Current. In this drive as 
shown in Fig. 6, the one large motor of the wound-rotor type is 
geared or belted direct to the driving roll. It is, therefore, neces¬ 
sary to decrease the speed of this motor, by inserting resistance in 
secondary, to § or 1/12 the maximum speed in order to obtain the 
proper “ threading in ” speed. It is impossible to obtain a stable 
“ threading in ” speed in this manner, owing to the well-known 
characteristics of an a-c. wound-rotor variable speed motor. If 
the calender is running without paper at the proper speed and 
paper is fed in, the friction increases and if this increase amounts 
to approximately 8J per cent the motor will stop. With some 
cardboard this increase in friction has been found to be as high as 
60 per cent. It is impossible, in nearly every case, to complete 
the u threading in ” without changing the controller setting, which 
may mean a third man on the calender. After the paper is 
“ threaded in ” the motor operates like any other variable speed 
motor. The control which should be used with this drive is 
the one using solenoid switches described under “ Two-Motor 
Drive.” The controller must be supplied with a large amount 
of resistance in order to obtain the very slow speed. The flywheel 
effect and braking conditions are as in the two-motor drive. 

One Motor Direct-Geared—Direct Current . If a d-c. motor 
is used direct-geared, the conditions are not quite so bad. A 
d-c. motor giving a 3:1 or a 4:1 reduction in speed from the 
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maximum by field control should be used. The power input 
of this motor is proportional to the load, within its speed 
ran,ye and is nut. constant as in tile ease of the a.-e. motor. It 
is now necessary to reduce the speed from the full field speed, 
or ] the maximum to only or in order to obtain a “ threadiiiy 
in ’’ of J to 1, 12 the maximum speed. Using a commutating 
jiolc' motor of good inherent regulating qualities, a fairly stable 
«peed is obtained and it will take 33 per cent increase in friction 
to stop motor instead of 81, per cent as in the a-e. motor. There¬ 
fore, with a 30 per cent increase in friction in “ threading in " 
one would not expect to stop the motor. With paper this in¬ 
crease is much smaller and this speed change would not he 
troublesome. Another feature is that dynamic braking can 
be used and quick stopping assured. Fig. 11 shows a control 
panel for this drive. 

M KCllANICAl. AND Fl.Krl'Klt.'Al, A I) V A N T.Ui KS \,\|i DlSAIi- 
VANTAOKS OK ItACII DlOVK 

In the following comparisons if should be remembered that 
the paper maker is primarily interested in cost of production. 
He is, therefore, interested in mechanical and electrical simplic¬ 
ity, ease ot control and operation, small maintenance, minimum 
labor, minimum power cost per unit out [tut. 

It has been found from many tests and observations that 
(alendeis ate tun on slow speed from 2»> to 33 per cent of the 
time; 10 to 22 per cent of the time is consumed in “ threading 
in,” varying with weight, of paper or length of roll. 

'flic following comparisons arc bare statements of facts and 
it, is not the intention to recommend one drive over another. A 
Luge advantage for one drive, in some mills, may be insignifi¬ 
cant in another. 

Group Drivk try Motor- Sam k son a-c. and n-e. 

A tivan !<ilies. With this drive the manufacturer lms a constant 
slow speed, only one motor and starter lor entire group, minimum 
chance of trouble with electrical apparatus. Lower first cost, 


therefore lower fixed charge per calender. 

A 70-in. calender arranged for drive from line shaft costs $-1000 

Shaft per calender approx. 100 

Share of capacity in large motor for 70-in. calender. . . 400 

Total.$5100 




PLATE CX 
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Disadvantages. Belts to maintain, two clutches to keep in 
repair; main shaft takes space on floor below calenders; friction 
clutch to throw in high speed, and as usually operated there is 
a sudden strain on paper with consequent possibility of breaking 
and lost production. Only one high speed and no way to vary 
it. Large motor operating on a widely fluctuating load, from 
15 per cent to 150 per cent load, which means poor efficiency, 
poor power factor, and a variation in the speed of shaft of 5 per 
cent or more. It has also been found that the shafting and 
belting loss alone, per calender, is approximately four kw. This 
means for a 24-hour day, 96 kw-hr. at $0.01 per kw-hr., $0.96 
per day, $288 per year.- This capitalized at 5 per cent means 
$5770. 


Two-Motor Drive. Same tor d-c. and a-c. 

Advantages. Constant “ threading in ” speed, smooth accel¬ 
eration from low to high speed, reducing strains on paper and 
lost production. Ability to slow down to any desired point 
easily and quickly. Calender can be geared to run at maximum 
speed that any of paper will stand, as lower speeds are available 
for weaker paper. This speed can easily be 10 to 15 per cent 
higher than in the group drive. Only one clutch necessary and 
that a pin clutch. Sometimes a friction clutch is also used on 
large gear on low 7 speed so the pin clutch may be thrown in 
without starting the rolls and the rolls started by friction clutch. 
Both these clutches are operated from one lever. Large motor 
operated at good efficiency and power factor. Losses minimum 
on low speed. The low-speed motor running light has an 
average input of 0.6 kw. This corresponds to the friction of the 
shafting in the group drive, as the large motor does not consume 
energy except when driving the calender at its operating speeds. 
Moreover, the efficiency of the motor in the group drive will 
be nearly the same as this large motor. It may be assumed that 
this 0.6 kw. is a 24-hour loss, as the small motor is usually left 
running continuously and is used for “ threading in ” only 10 
to 15 per cent of the time. Thus 0.6 kw. for 24 hr. per day at 
$0.01 per kw-hr. = $0,144, or $43.20 per year of 300 days—a 
gain of $234.00 per stack over group drive,, or 5 per cent on 
$4700. 

Good power factor is maintained on the line since the idle 
current of the small motor is small. 
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Disadvantages. High first cost: A 70-in. calender, 


For two-motor drive.$‘1750 00 

For small motor... 170 qq 

For large motor. ... . qqq qq 

Por c(mirnl . 300!00 


Total.$ 0120.00 


Maximum chance of trouble exists with electrical equipment. 
Large floor space is required. It requires three times as long 
to stop after power is shut, off as group-driven calender. Large 
motor, requires the same kilowatt input regardless of speed, 
assuming constant torque. This disadvantage is more than 
overcome by increased production possible, due to variable 
speed feature. 

Two Motors Rkplackd nv Onk. Sami.; kor o-c. and a-c. 

Advantages. One less motor to care for than in two-motor 
drive. Less floor space required, constant “ threading in ” 
speed obtained, smooth aeeeleratiou from low to high speed, 
ability to slow down easily if desired. C'aJemler can be run at 
maximum speed any paper will stand, as slower speeds are 
available tor weaker papers. As motor and gear may he dis¬ 
connected j'rom stack on stopping, flywheel effect, is the same as in 
group drive. It stack is stopped by cutting power off the motor 
the flywheel effect is the same as in two-motor drive. 


Calender, 70-in., and mechanism.$'1925.00 

Large motor. 000.00 

Con,r *> ] . 275.00 


$ 0100.00 

Disadvantages. I wo dutches, one being friction; large gear 
tin. quill which may wear and cause excessive gear wear. Re¬ 
quires same kilowatt, input regardless of speed, assuming same 
torque. This is turned to an advantage by increased production 
possible. Light load losses larger. Based on a 70-in. stack, a three- 
phase 550-volt, 75-h.p. motor running light will operate with a 
current, approximately 25 amperes, power factor 15 to 20 percent, 
kilowatt input 4.0 to 0 . 0 . Assuming 5 kw. to he average 
and the motor running light 20 per cent of time or 4.8 hours per 
day, we have 5 X 0.01 X 4.8 = $0.24 per day or $72.00 per year, 
or $28.80 per year more than two-motor drive. This is 5 per 
cent on. $575.00 and small motor costs $170.00. The worst 
dleet is in the power factor of the system if many of these motors 
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are installed. As far as power consumed goes, there is ordinarily 
not much choice. 

Single Motor, Direct-Geared 
A dvantages~a-c . Only one motor is used, no clutches, minimum 
possible amount of gearing and smallest floor space of any drive. 
The calender can be geared for maximum speed that any of the 
paper will stand and can be easily retarded at will, and operated 
at lower speeds for weaker paper. Smooth acceleration from 
“ threading in” to running speed is obtained. The first cost 


is lower: 

Calender.... . .$4185.00 

Motor... . . .. 900.00 

Control... 450.00 

Total.. . .$5535.00 


Additioiial Advantages on d-c. Dynamic braking can be used 
to stop calender quickly. More stable “ threading in ” speed 
due to the fact that full field speed is about maximum and the 
speed has to be further reduced by armature resistance to | or 
i instead of § or 1/12 as with a-c. Losses are less on reduced 
speeds than with a-c. 

Disadvantages. Very unstable “ threading in ” speed is ob¬ 
tained; controller setting usually has to be .changed during 
u threading in.” Extra large controller and resistance is re¬ 
quired to obtain the low speed. The large flywheel effect 
causes the calender to run three times as long as if group-driven. 
It has been found on this type of drive that the “ threading in ” 
requires from 9 to 14 per cent of total time and on a 72-in. cal¬ 
ender the power consumed varied from 16 to 29.8 kw. during 
this period, as against about 2.2 to 4 kw. with two-motor drive. 
As this time required to “ thread in ” is also somewhat longer‘ 
the cost of power used for the “ threading in ” process is from 
6 to 10 times that of the other two types of drive. This motor 
is practically never running except when paper is in the calender, 
and therefore has no “ running light ” loss to correspond to the 
other drives. The power factor is low while motor is running 
light and during “ threading in.” The control for this drive 
is subjected to the hardest service of any, as 60 per cent to 100 
per cent full load current is broken every time the current is 
shut off. Motor tests show that the current is broken 13 to 
15 times per hour as an average. This means for a 24-hour day, 
six-day week, 1870 to 2160 breaks per week. The ordinary 
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circuit breaker contact is said to be good for about 3000 breaks, 
so a very substantial switch must be used in order to get any 
reasonable length of service. This drive may require more labor, 
or in other words a third man ma y be needed at eon I. roller during 
“ threading in.” This same man, can, however, take care of 
several stacks. 

Why Should Motor-Driven Supercali ndeks he Used? 

From the preceding pages certain advantages of motor-driven 
supercalenders have been pointed out which tend to lower cost 
per unit product and to increase the production per machine. 
These may be summarized as follows: 


a. Long mechanical transmissions eliminated with maintenance of their 
shafts, belts, hangers, etc. 

b. Reduced chance of all calenders being shut down at once, With 
mechanical drive this often happens due to belt breaking or shaft trouble 
and the loss of production is large. 

c. Smooth acceleration from low to high speed, reducing strains on 
paper, therefore reducing breakage and loss of production. 

d. Ability to operate calender at maximum speed which the particular 
paper will stand. With group drive only one speed is available. 

e. Ability to slow down easily for a weak place in paper saves much 
time and increases production, Referring to Fig. S (lower half) it will be 
seen at one point the paper ran 2a minutes without a break but the con¬ 
troller was used 20 times to reduce the speed, and it is further .seen that it re¬ 
quires on the average three to live minutes to paste together the paper and 
feed it in again. If the paper had broken 13 times only it would mean 

13 X 4 X 500 


3 


8700 yards of production lost, 


f. The speed of calender is much more likely to be uniform, as in group 
drive the number of calenders operating varies the belt slip ami speed of 
line shaft, 

g. The kilowatt-hours per unit output required arc less than in group 
drive. 

h. The power factor of system is better than when a large motor drives 
group, if a two-motor drive is used, 

i. That the above facts are true is proved by figures of one of the 
largest and best managed mills in the United States which give the average 
efficiency of all motor-driven calenders as 3f> per cent better than group- 
driven and of two of the most recent drives, f>0 per cent better. 


Sheet Calenders 

Use. A sheet supercalender is used to give ” loft 1,1 -dried 
papers their final finish where that finish can be gi ven by passing 
the paper between rolls, as contrasted wit i finish given by platers. 
It is also used in certain machine-dried papers to give the final 
finish after they have been cut into sheets. 
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Construction. Fig. 12 shows motor-driven sheet calenders, 
taken from the feeding-in side. The strips of webbing run ver¬ 
tically in front of the calender. These endless bands run around 
a system of rollers. There is a set of these bands on both the 
front and back of the calender and they serve to take the sheets 
from the operator feeding in, guide them through the rolls and 
deliver the paper after it has been calendered to the “ catch box ” 
and to the operator taking care of the finished paper. 

The general mechanical construction of a sheet calender is 
similar to a web calender, except that it is lighter. The widths 
commonly used are from 26 to 48 in. and the stacks are from 
three to five rolls high, the five-roll stack being the most common. 
On these, as in web calenders, the top and bottom rolls are of 
steel and larger than the others. The intermediate rolls may be 
either steel, chilled iron or fabric. 

Sheet calenders do not require a low speed for “ threading 
in ”, so they may be driven direct from the power supply to a 
pulley or gear mounted on the lower or driving roll. 

The paper is finished under pressure, which is applied by screws 
at the top of the stack. This pressure is varied according to 
finish desired and kind of paper being calendered. 

Power Required. The power required by a sheet calender 
varies according to the same laws as were discussed under web 
calenders. The power required by a five-roll, 36-in. calender 
will be discussed, as this is the most common size in use. 
This calender requires from 2\ to 3 h.p. to drive the rolls, without 
pressure on them or paper going through, at a surface speed of 
400 feet per minute. By means of the pressure screws this 
power is increased to 9 or 12 h.p. for ordinary work and can 
be increased to as high as 18 or 20 h.p. The following table 
shows the power required by this size calender for various papers: 


Paper 

Friction h.p. 



No 

pressure 

Usual 

pressure 

Paper h.p. 

Total h.p. 

20 lb. flats, 17 X 22 in. 


54 

1 

6$ 

32 lb. flats, 17 X 28 in. 

— 

6 

3 

! 9 

No. 4 bond, 24 X 32 in. 

3 

10 

4 

14 

Heavy envelope 

24 X 38 in. 

2 £-3 

9-10 

24-3 

Ui-13 

170 lb. paper 304 X 294 in. 

2*-3 

10 

74-10 

174-20 '< 

300 lb. paper 31 X 26 in.. 

24-3 

10 

10-14 

20-24 ; 











I St,SI I 


MORSE: ELECTRIC DRIVE 


(June 28 


I'\u- 13 shows a typical [tower curve taken from a 42-in. live- 
roll calender with a speed ot 400 feet.per minute. Comparin'* 
this with the above table it will be noted that I lie same paper 
takes practically the same power whether the calender is 30-in 
or 42-m. width. A sheet calender should lie run at. the highest 
speed at which the operator can feed in the paper and not have 
any space between the sheets. These spaces are shown in Pig. 
13 where t he power drops to the friction load. The size of sheets 
and the weight of [taper determine the speed with which any 
given operator can work, but this speed is nut necessarily the 
same with the various operators. It is obviously a waste of 
power to run the calender too fast for the operator and a waste of 
flu' operator's time and of production to run the calender too 
slow. . This shows Unit the motors driving sheet calenders should 
lie adjustable speed and the range of speed is determined by the 



range of grades of paper to be finished. The maximum possible 
speed seems to be about. f)00 feel per minute and the minimum 
speed ever necessary is 200 to 250 feet; per minute. Usually 
a range of about. 30 per cent is sufficient. The following motor 
sizes appear to be about, correct, for live.roll calenders at 400 
to 450 feet per minute maximum speed: 

28 in .If) h.p. 

:!(i »>.. h.p. 

42 in .. , , .20 It.]). 

Methods of Drive. With group drive it, is not possible to 
vaiy the speed of the rolls to suit the operator or paper and the 
production per calender is less than it should be. Direct-current 
motors have been used in many mills very successfully. A 
commutating-pole motor of approximately 700 to 800 rev. per 
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min. should be used, direct-geared to the bottom roll. This 
motor should have a speed reduction of at least 30 per cent by 
field control, keeping in mind that it is driving a constant torque 
load. 

It was not thought feasible to use a-c. adjustable-speed motors 
until recently, when a test was run using a 15-h.p., 850-rev. 
per. min.,_ wound-rotor type with a speed reduction of 50 per 
cent by insertion of resistance in secondary. This test proved 
that excellent results could be obtained using such a motor, and 
there is no reason for hesitating to install a-c. adjustable-speed 
motors on sheet calenders anywhere. The most satisfactory 
way to equip a group of sheet calenders with a-c. motors would 




iUu— 














j 










80— 2( 









j 

y* POWER TO 



CO 


§ 

J 

DRIVE 

PLATEF 



-J 

c. 

CL 

5 

i 

|||wiTH PAPER If 



> 

<50 X 15 

UJ 

H 

1 

fi 




ro 

i 

B 

1 

— 



‘■'i 

< 

n 

ft 

j 




< 

X— 
O ! 

Q- 

Q_ 

i . S’ 

* 

I 




to 

_ID 

; f 

JLI 

1 



1 

CL 

UJ 

1 

]o_J 

1 



i 

Q_ 

j_21 

< 


\i 

s 




< 



it 

11/POWER TO RE 

.VERSE 



_r v 

_ 

j’§ 

i|J ROLLS 

O 

X 

1- 

5 

JT PACK 

1 


-WV tJ 


il.tZL 

"I 






- 

m 


....... 






ff¥P 

1 - 

—f— 




0— 



a 




Fig. 14—Power Curve of 36-in. Plater. 

be to drive part by constant-speed motors and part by adjustable- 
speed motors, as in every case the work could be so laid out that 
the constant-speed calenders could be working at their best 
efficiency and the special papers finished on the adjustable- 
speed calenders. 

Platers 

Use. In nearly every mill making a high-grade finished 
paper there will be found a machine known as a “plater.” 
This machine is used to put certain kinds of finish on the paper 
after it has been cut into sheets. Probably the most common 
finish is the so-called “ linen finish ” which is found so often 
on writing papers. This is obtained by making a stack of paper 
with sheets of linen between the sheets of paper (at the 
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top and bottom of this slack arc pieces of zinc) and passing 
paper through between the rolls, under pressure, several t \\ 1 
In the packs the linen may be replaced by sheets of any 
material which will impart the desired finish to the paper. 
may be either some kind of fabric or even metal sheets. 

Construction . The general construction of the plater 
follows. The machine consists primarily of two steel p 
operating under pressure, a table on which the* path is laid, l 
the driving meehanism. The driving pulley consists of two py 
and one* loose, as it is necessary to reverse the rolls with fv . 
pass of the paper. Originally, platers wen* constructed wiq 
minimum space of one inch between the rolls and an ad justly, 
of three-quarters of an inch. With tin* increased use a den^ 
was made for a wider opening and more adjustment, h v 
careful design and arrangement of the gearing it is now pos^i 
to obtain an adjustment from zero to two inches,or, from tl 
desired minimum opening, an adjustment of two inches. 

The size of plater in common use has two rolls approximate 
17 in. in diameter and a working length of (0 in, By mean?* 
weights arid a system of lexers, a pressure as high as 10 toim 
applied to the* rolls. Platers are built as narrow as ;,{(} in. a 
up to a maximum width of about IS in. 

Power Requirements, Fig. 14 shows a typical power hip 
curve for a Mi in. plater. Hits is an ordinary belted plat 
and the motor is belted to the countershaft. There is also 
large pulley on this shaft which has considerable flywheel efiV 
and helps out on the peaks a certain amount. This plater h 
a pressure of about 40 tons, and a surface spued on the ro 
of about 01 fed per minute, ft will be noted that about 
amperes or approximately 2| h.p. was required to drive tl 
machine light, hut that if jumped to 80 amperes or approximate 
20 h.p, at («.) when the pack was inserted. It can be seen fro 
the fluctuations about how many tones the rolls were reverse 
The [lack is not allowed to pass entirely out from between t,' 
rolls before reversal. At (h) the pack is turned around to mu.' 
sure that the finish will be the same on each edge. At (V) C 
pack is finished, removed, and a new one started at, (d)* 
takes about two minutes to finish a pack and about as long 
change packs. The average load while plating is about 15 lu 
but. the load tact or on the motor is very poor. 

1 n a group drive having, four or more platers it is safe to eho< > 
a motor allowing about 10 to 12 h.p. per machine. if the plat** 
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are to be driven by individual motors, from 15 to 20 h.p. should 
be used. 

Method of Drive. Nearly all platers up to the present time 
have been driven by a belt from a line shaft. It is a simple 
matter to use a motor belted to this line shaft. 

Many paper makers would like to obtain an individual drive 
on their platers. Considerable time has been spent in trving 
to obtain a motor and a reversing switch which would stand this 
service. This means about five reversals of the motor a minute 
and in order to obtain this number it would require a motor of 
small flywheel effect but large torque. In order to obtain quick 
reversal it would be necessary to “ plug ” the motor; that is,’ 
apply the power for reverse direction before the motor stopped. 
No one has as yet had the courage to attempt this on a standard 
40-in. plater. There are three platers of a small size taking paper 
pack 9 by 14 by If in. with rolls set at one-inch opening, driven 
by a d-c. 5-h.p. 400-rev. per min. commutating-pole motor, 
direct-geared and reversing with each reversal of the pack. 
These have been operating several years with the best of results. 
It is reasonable to suppose that the same thing could be done 
with larger motors. The big advantage to be obtained with 
individual drive on platers is doing away with shafting and belts 
with their attendant dirt and grease, and the maintenance and 
replacement of the plater belts, which wear out very rapidly. 
It would also give a greater flexibility in the finishing room. A 
group drive will give a much lower first cost, smaller motor, 
better load factor, better power factor if alternating current is 
used, and better efficiency of the motor. 

Conclusion 

From the preceding pages it is quite evident that increased 
quality and quantity of production is obtained by the use of 
electric drive in the finishing department. This is due to the 
fact that each machine is operated, and each kind of paper 
finished, at the correct speed. 
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ELECTRICITY ON THE FARM 


BY PUTNAM A. BATES 


Never in the history of this country has there been such a great 
arousing of public opinion, such an arousing of interest of the 
people generally, in the agriculture of the country. We are com¬ 
mencing to appreciate that while in the early years of the past 
century two-thirds of our people were engaged in the producing 
business, producing food and clothing for the people, now but 
one-third are so engaged. And it also seems to be pretty clearly 
demonstrated that the average earning of the average farmer 
has netted too small a return for his labor. In many parts of the 
country, what he did earn was earned at too great a personal 
sacrifice—labor for long hours and no recreation. Plainly speak¬ 
ing, we have wakened up to the situation that though the yearly 
crop figures seem to indicate an abundance, we are actually 
approaching the condition where demand will soon exceed supply, 
and in most instances the fanning business is badly out of gear 
and needs reorganizing. It has fallen to the lot of the electrical 
engineer to take a hand in many matters of reorganization, 
and I believe agriculture now requires his attention. 

Betterment of the farmers’ conditions and improved efficiency 
in all the operations involved in his work is the cry of the day. 
Bankers and business men’s associations, federal departments, 
agricultural colleges and important engineering organizations 
are giving this feature of the country’s welfare careful study, 
and yet there is perhaps no one improvement that may be 
counted upon to benefit the farmer so radically as the introduction 
of electricity on the farm. 

The electric farm, however, is not a new idea, for several farms 
well worthy of this name have been in successful operation for 
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some ten or twelve years, and perhaps longer than this. But 
there has been very little organized effort in disseminating existing 
knowledge of the practical use of electricity in agriculture, with 
the result that; farms so equipped are generally regarded with 
suspicion and possibly in the light of a hobby. 

I shall endeavor 1o show that such a point of view may at 
once be dismissed and we may look for a general use of electricity 
on the better class of farms in this country before many more 
years have elapsed. As a matter of fact, electricity is now being 
utilized for lighting and power purposes on a much larger number 
of American farms than perhaps many of us have heretofore 
realized. 

Let us consider for a moment the farms of our great Southwest. 
In some sections ol that wonderfully fertile country, well pro¬ 
tected by the high mountain ranges, practically every farm is 
an electric farm. That is to sav, the buildings are lighted by 
electricity and many of the laborious operations are accomplished 
by the use of electric power. These really wen. 1 our first electric 
farms, the period of their establishment corresponding with the 
development of the water powers of the nearby mountains. 

On the majority of these farms irrigation is practised and 
quite naturally electricity was first made use ol lor pumping 
purposes. Then under the influence of progressive local central 
station operators, it was almost universally adopted for light. 

1 can recall seeing electric lights and the electric Hat. iron in 
use in the farm homes on tlu* Pacific coast., eleven years ago. 
The people were content, to enjoy the advantages which these 
improvements made possible to them, but did not, seem to regard 
their conditions as unusual. Their farms were in fact, electric 
farms and their industries dependent upon the produce of the 
hand were, as they are now, practically all operated by electricity. 

I refer to the canneries, fruit, packing houses, etc. 

The conditions surrounding the farming districts in Southern 
California, for example, at. that time, were such that, any other 
form of energy would have been unusual to adopt, a combi¬ 
nation ol circumstances being largely responsible for this happy 
situation. The high-tension transmission service systems were 
then new and the companies desired business; besides this, we 
did not have the gas engines we have today. The efficient and 
reliable gasolene and fuel oil motors were not developed until 
several years later. There was pumping to do, for irrigation was 
rapidly coming into favor, and, naturally, the electric companies 
secured this business. 
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It is hard to say whether the power plants, supplying service 
at rates within the reach of all, made the irrigated farms, or the 
electrical load, which these farms offered, insured the success 
of the power developments. Both interests seem to have worked 
together and in some instances practically the entire supply of 
the central station current was at once engaged for lighting, 
heating and power uses on the farms. This was the case ten 
years ago in the instances I speak of, and according to reports I 
have just received, the situation has not materially changed, 



Fig. 1—Territory Covered by Mt. Whitney Power & Electric 
Co’s Service, Visalia, Cal.—Typical of a Modern Intensive Farm¬ 
ing District. 

except that both supply of and demand for the current have 
increased. 

Such electric service plants may be regarded as “farmers’” 
central stations and I shall commence my illustrations with a 
description of the Mount Whitney Power and Electric Company’s 
service in tlie vicinity of Visalia, Cal. This will serve as an 
illustration of a plant of this class. 

Description of the power station itself or the transmission 
system is not necessary as the plant is well known, and possibly 
many readers are familiar with its equipment. Fig. 1 shows the 
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ten itory covered by the service of this company and is typical 
of ^ modern intensive farming district where irrigation plays an 
important role. 

Some of the farms in this (listriel are large farms of several 
hundred acres, hut the majority are small truck and fruit; farms, 
tanging from It) to 10 acres, an average of about 20 acres to 
each person, the total number of .acres irrigated by electric 
power irom the Ml. Whitney plant .approximating 25,000, and 
representing about 0000 horse power in electric motors. 

hig. 2 shows a characteristic pumping installation employed 
on the irrigation farms in this district. It is interesting to note 
that on this 800-acre farm the electric service lines have been 
carried to several widely separated points, serving pumping 
motors in some eases of no greater capacity than five horse 
power, in tael, the loads these western central stations cater 
to, oftentimes, are ot surprisingly small amount and quite dis¬ 
tributed. 

In the Ivxeter district, where this <800 acre farm is located, 
there axe 82 plunger pumps aggregating 00 h.p., and 10 centri¬ 
fugal pumps aggregating 12a J h.p. And in the Lindsay district, 
comprising about 25 square miles, there are in operation 217 
pumping plants with a total connected horse power of 1701, of 
which 112 were plunger pumps (1100 h.p.) ami 101 centrifugal 
pumps (001 h.p.) The total pumping load connected to the 
company's system is 271 plunger pumps (2285 h.p.), and 250 
centrifugal pumps (2471 h.p..), or a total of 080 pumping plants 
with 1850 h.p., being on the average 7.7 h.p. for each pumping 
plant. 

1 lie irrigation pumping season in California is from live to six 
months at 24 hours per day. ('ontmets are on a basis of $50,00 
per annum per horse power; I lie customer installing and main¬ 
taining at his own cost the motors, transformers, pumps, housings 
and all ot her appliances.' He agrees to pay each year the sum of 
•150.00 for each horsepower furnished him at. time of his max¬ 
imum consumption during the year. Me further agrees that the 
amount of power to be paid for a t t hat rate shall not be less than 
75 per cent of the rated horse, power of the motor. Motors of 
less than five h.p. are paid for at $50.00 per year for the rated 
horse power of the motor, instead of 75 per cent thereof. 

In very few eases only, power is sold between the hours of 
sunrise and sunset, at $20,00 per h.p. per annum, the company 
not having much power to sell at this rate as, during the irrigation 
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season, the irrigators want to operate day and night. However, 
small power applications are taken care of in this way, consisting 
chiefly of cream separators, churns, grindstones, wood saws, 
heating flat irons, washing machines, fans and other domestic 
items. 

There is also a partial meter rate contract which is used 
principally by growers of acidulous fruits and alfalfa, the es¬ 
sential points of which are as follows: 

* Current is furnished during the six months, February 1st to 
August 1st, at $25.00 for each horse power based on maximum 
demand, while for current furnished during the remaining months 
of the year, the rate is three cents per kilowatt-hour, it being 
agreed that the maximum amount of power to be used during 
the meter period will be equivalent to at least $6.00 per month 
horse power per of motor rating. 

The straight motor rate is used for development work, grading 
from five cents for the first 26 kilowatt-hours per month (ad¬ 
ditions depending on size of the motor and the months), usually 
ranging around one and three-fourths cents to two cents per kilo¬ 
watt-hour per month. Most of the irrigating power, however, 
is sold on the $50.00 flat rate. 

The farms served by the Mt. Whitney system may be termed 
electrically irrigated farms, as in all cases the farmer operates 
his irrigation pumps by electricity. The details of this class 
of business, it will be seen, are well established. Electric com¬ 
panies in other sections have also built up businesses of this kind 
and in doing so have followed the same lines or a modification 
of them. 

Another hydroelectric development and distribution system 
where irrigation pumping forms an important portion of the 
total load is that of the Pacific Power and Light Company. 

The lines of this company traverse a fertile farming district 
lying in the southeastern corner of the State of Washington, 
just east of the Cascade Mountains. Several power develop¬ 
ments are connected together making a complete distribution 
system, serving a total population of 101,900, including 39 
towns, having an average population of 2500. In addition to 
the towns, the population of the rural communities is 5000. 

There are 300 miles of primary lines at 66,000 volts, with 
500 miles of 6600-volt secondary. 

All of the plants making up this company’s system are illus¬ 
trations of a generating station designed to meet the lighting 
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and power demands of a growing farming community, pgr. 3 
shows the territory served. 

It will be seen from this map that the power plant at Naches 
is close to the mountain range and Pigs. 4 to 8 show the evolution 
trom the snow-capped mountains to the power station where the 
energy of the falling waters is utilized first for generating elec¬ 
tricity and then allowed to pass on, to be used again for irrigation. 

These illustrations require very little description, for the de¬ 
velopment shown is complete. It is a beautiful illustration of 
the combination of the works of God and man. The magnifi¬ 
cent orchards and gardens which have thus been made possible 



Pui. 3 Tkriutouv Sekvei* itv Several Power Stations ok t nr- 
Pacific Powers Licut To. in an Irk meat ed Parmiso Section, Wash 


on the waste places ol the earth are wonderful accomplishments 
of which we may well be proud. J here can be no greater work 
lor us all in this day of agricultural investigation, than to advance 
in all pai is ol our laud the utilization ol our resources as exem¬ 
plified by these illustrations. 

figs. 1) and 10 show lurlher developments in electric power 
transmission, and Pig. 11 shows the acres of garden truck and 
the bountiful crops ol: hay or grain that result from the scien¬ 
tific application of water to the fertile soil. 

Dining the early part of the history ol American farming 
there was too much extensive husbandry and not enough in- 
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tensive farming. Land was abundant and cheap, and much of 
it drained itself. The pioneer, believing the supply of land in¬ 
exhaustible, selected a patch, killed off the trees, cultivated it 
until the fertility of the soil was exhausted, and then moved to 
another location. In this way, the increase in population being 
enormous, great and rapid inroads were made on the country’s 
natural resources of soil. In time, all the naturally drained and 
naturally watered lands became absorbed, and a great deal of 
it exhausted, temporarily at least. 

The reclamation of our western desert and prairie land along 
most approved scientific lines is an object lesson to us all. Those 
lands are now rapidly being taken up and have become very 
valuable, and fertile, low-cost farms by the tens of thousands 
are needed. 

We have learned from these western developments that for 
proper crop culture all lands must be drained and all crops need 
water. And it is not sufficient to have a deluge of water from 
time to time, but water must be applied in such manner as to 
provide the food necessary to plant life, in order that development 
may be greatest at certain stages of its growth. This is especially 
interesting, in that it is a claim for the merits of irrigation, not 
only in the arid country, but also in sections where there may be 
an abundant rainfall. 

Mr. C. J. Blanchard, statistician of the U. S. Reclamation 
Service,in a lecture on “Making the Wilderness Blossom,”* 
states that the desert of our old geographies has no place on the 
map. The magic of irrigation has transformed valleys long 
vacant into prosperous agricultural communities. 

A brief summation of the work accomplished shows that con¬ 
struction is under way or has been completed on 29 projects 
involving an expenditure of $65,470,000. In the eight years 
of actual work there have been dug 7000 miles of canals and more 
than 19 miles of tunnels, mostly excavated through mountains. 
The total excavation of rock and earth amounts to 77,200,000 
cubic yards. There have been built 570 miles of roads, 1700 
miles of telephones, and there are now in operation 275 miles 
of transmission lines over which surplus power and light are 
furnished to several cities and towns. The small farms and vil¬ 
lages grouped about these developments give the effect of sub¬ 
urban rather than rural conditions. The cheap power developed 
from the great dams or from numerous drops in the main canals 

* proceedings , 19th National Irrigation Congress. 
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is now utilized for the operation of trolley lines which reach out 
into the rural districts, bringing the farmer in close touch with 
the city. It runs numerous industrial plants, for storing, hand¬ 
ling and manufacturing the raw products of the farm. The 
same power is used for lighting and heating in the towns and 
for cooking in the homes. On several of the projects the farmers 
are applying for electric power and in many farm houses electric 
power is utilized for many domestic duties. 

More than a million dollars has been invested in the develop¬ 
ment of power on the Salt River project, of which the farmers 
have voluntarily raised $800,000. The sale of power up to the 
beginning of the present year amounted to $144,000 with the 
plant only partially constructed. This revenue will contribute 
materially towards lessening the cost of operating the irri¬ 
gation system. 

Thus it may be seen that scientific agriculture, irrigation and 
electricity have formed a powerful combination. The natural 
waters are played with at will, sometimes passing directly to 
the land, but more often the turbulent mountain streams are 
carried for miles in flumes or canals, only to give up energy at 
several points on the way, and ultimately to irrigate the land 
by gravity, or pumping, as the conditions may require. 

i\nother method is to drain the marsh land and pump the 
water thus available on to the higher places adjoining. Suitable 
crops are then grown on land of any level with the result that 
the area for production is materially increased. 

In many of our states, both East and West, there is a well 
established underflow of water which can be made available 
through pumping. In the sections where irrigation methods 
obtain, water ditches conveying this well water to various por¬ 
tions of the farmer’s land are often carried to the next man’s 
land, the compensation thus derived diminishing the pumping 
cost. 

All through our Western and Southwestern country are to be 
found examples of well installations where electric power has 
replaced steam or ^asolene engines, for it becomes economy 
to do this under the favorable rate charged by the electric gener¬ 
ating stations there. 

Ihe San Joaquin Light and Power Corporation of Fresno, 
California, supplies electric service to seven counties in one of the 
most fertile farming sections of the country, the actual area 
being more than 200 miles long and 75 or 80 miles wide. This, 
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le Farm at Exeter, Cal. [bates 

:tric motor, belted to 51-in. by 5-in. triple plunger 


[bates! 

•Mt. Rainier, the Fountain Head from which Descends 
a Never-Failing Supply of Water. 
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Fig. 10—An Irrigation Company’s Pumping Plant on [bates] 
the Columbia River. 

Two 50-h.p. motors driving centrifugal pumps supply gravity ditch furnishing water 
to many farms. These we e recently supplemented with a 625-h.p. vertical type centri¬ 
fugal pump to supply a new high-level canal. 
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-In a Dairy or Creamery Plant Electric 
Fixtures Must be Watertight. 

?i h ^ e f^ ?e i S F Se ? twice daily . to “ wash down ” the enti 
ags of this dairy farm at Morristown, New Jersey. 
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Fic. 18 Mechanical Milking Machine, Electric Motor ^and 
M '“ » each I»,v “„al Cpm«“ 






















[bates] 

Fig. 19—2|-h.p. Motor Belted to Ammonia Compressor used for 
Cooling Storage Refrigerator, Milk Cooler and Ice-Making Set. 

College Farm Dairy, New Brunswick, New Jersey. 


[bates] 

Fig. 20 —Milk Cooler and Aerator connected with Insulated 
Brine Lines running from Brine Tank of the Electrically-Driven 
Refrigerating Plant shown in Fig. 19. 
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Fig. 21 Harvesting Ice with Traveling Chain and [bates; 


Electric Power. 

! . are 33 ft. apart on the chain and there 

Slde . covering a distance of 165 ft. The return tr< 
against the under side of the slide. 
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Fig. 23 —Cattle and Horses may be Clipped and Groomed by 

Electric Power. 


Fig. 24 —Spinning on Tinfoil Caps on Bottles of High Qualit 
Milk. These Caps cannot be Removed and then Replaced. 
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Fig. 26 — Watertight Tele¬ 
phone Station Suitable for Use 
on the Farm. 


Fig. 28 —Portable Telepho: 
Station, Including Transmitti 
Receiver, Magneto and Conne 
tion to Line by Means of 
“ Pole Jack.” 


[bates 

Electric Farm ” at Minot, Maine, 
acts as Telephone Central. 
























■This Windmill Drives a Dynamo which Furnishes 
Current for Twenty-four Tungsten Lamps. 


Fig. 30 —The Dynamo has a Capacity of 0.21 kw. [bates] 


It is set on the second floor of the mill, and is driven by a quarter-turned belt from a 
pulley on the vertical shaft of the windpower. 



Fig. 31 —Storage Battery in Adjoining Barn, Accumulates f BATES ] 
Energy given by Dynamo when running t and Stores it for Use when 
Lights are Turned On. 
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therefore, is a very important district, and information regarding 
its growth and present conditions cannot help but be of value. 

Mr. A. G. Wishon, general manager of the company, reports 
as follows: 

We are now serving 140 pumping plants in our territory, which are 
used for the development of water for irrigation purposes. We wish to 
mention particularly a number of plants that we are operating for a water 
company located at Alpaugh, Tulare County, California. This proposition 
is somewhat unique. About twelve miles from a colony of 8000 acres, 
planted to alfalfa and various other farm products, are located seven 
artesian wells that are about 1000 ft. deep. These wells were flowing 
artesian wells, the capacity of which was about 60 in. per minute, per well. 
This water company made a contract with us to extend our transmission 
line to this nest of wells, which are located on a tract of about 10 or 15 
acres, for the purpose of serving electricity to operate electric motors. 
There were seven 20-h.p. motors installed at seven different wells, belt- 
connected to 8-in. pumps. These pumps are located at the surface of 
the ground, with a 30-ft. suction pipe: each pumping plant is delivering 
'about 1500 gallons of water per minute, with about 20 h.p. 

They are paying us $50 per h.p. per year for continuous service, the 
motors being operated almost continually throughout the entire year. 
The water discharged flows into a main canal which extends to the colony 
twelve (12) miles away, and at a point near the edge of the colony, this 
entire body of water is raised about 6 ft. with a 50-h.p. motor and dis¬ 
tributed over a tract of 8000 acres. They are also paying us the same 
price per h.p, per year for the 50-h.p. motor. The cost, therefore, for 
irrigation is about SI.25 per acre, which is a very reasonable charge for 
water service throughout the entire year. These people are raising 10 
or 12 tons of alfalfa per year, per acre, and in some instances the onion 
growers will clear $500 per acre. 

Irrigation is the key which unlocks the fertility of the soil, 
and to comprehend its importance in agriculture, one must 
appreciate the fundamental principles governing plant growth 
and soil culture. 

Rain may or may not come when it is needed most, and again, 
it may pour forth even in destructive quantities, but water under 
a well-managed irrigation system is turned on when and where 
required. This makes farming in so-called arid land a more 
definite and scientific proposition than it is in parts of the country 
apparently more favored by nature. When we have so arranged 
our soil conditions that water may be drained off the land as 
positively as it is applied, the application of irrigation methods 
is beneficial, no matter what may be the natural conditions 
of rainfall. 

Pump irrigation results in intensive farming. And this is 
the direction in which our agriculture is moving. It may 
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also be added that the power required for pumping has proved 
to be the opening wedge in introducing the use of electricity 
in the majority of those farming districts where dependence 
upon this form of energy has become established. The most 
scientific farming can be done only by pump irrigation where 
the work can be arranged and the farm run just as systematically 
as some of the big manufacturing and commercial undertakings. 

Regarding irrigation in humid districts, Mr. Milo B. Williams, 511 
Irrigation Engineer of the U. S. Department of Agriculture, 
states that it is the distribution of rainfall with respect to need of 
different crops which determines the necessity for irrigation in a 
locality. Drought records for several years past have led the 
National Department of Agriculture to encourage supplemental 
irrigation in the humid regions as a vital factor in crop insurance. 

The most humid portion of the agricultural East is subject to 
the greatest irregularity of rainfall. This refers to the southern 
states bordering on the Gulf of Mexico and the Atlantic Ocean. 
Here the normal annual precipitation ranges from 45 to 55 
inches and yet these states are subject to droughts lasting from 
20 to 60 da}'S or more during the growing season. Irrigation 
m various parts of Alabama, Georgia and Florida, has resulted 
m producing \ cry profitable crops on land which has heretofore 
ailed to \ield sufficient returns to pay for cultivation. Irri¬ 
gation will do for the South what it has done for the West. It 
will insure results to the small farmer. The coming of the small 
armer to the South will cause the passing away of ruined plan¬ 
tations as his going to the West has caused the passing away of 
great deserts and wasteful wheat ranches. 

laW a S0Uth i! 0da , y repreSents one of the largest areas of dormant 
of the J possibilities in this nation and when drainage 

of the low ands is coupled with the general practise of irrigation 

ir/tXi t r our East ' «« 

stnbution has been conquered in our West we will 
have added many millions of acres tn th * V ’ 
this great country the productlve area of 

veJm^to Tn Y°u lemS End pr ° mise an immense work for 

. come, but the beneficial results will outweigh manv 

--- 
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lands of the Atlantic Slope presents agricultural opportunities 
unsurpassed at this time by any section. 

In the drainage of water-soaked lands, as in irrigation, electric 
power may be used for short lift pumping. And as an indication 
of the magnitude of the work ahead of us in this field alone, it 
is sufficient to quote from the statistical records of the United 
States of 1910 issued by the Department of Commerce and Labor, 
which place the total swamp area and overflowed lands at a 
total of approximately 75,000,000 acres. 

In their present condition, the swamps of the country are a 
source of weakness in our national economy. They are unpro¬ 
ductive, but they can be made sources of great national wealth. 

The policy of maintaining our agricultural lands in vast areas 
and thus, through what has been termed 11 extensive husbandry,” 
failing to utilize to the utmost every acre of fertile soil, is rapidly 
falling into disfavor. And we are, on the other hand, moving 
toward an increased number of farm homes with more intensive 
methods of development. This change is going on all over our 
land. In the West, the old cattle ranges are passing away, 
merely to be replaced by irrigated farms, where diversified 
methods are practised. 

The stock feeder of today makes his money on the weight o, 
the stock when purchased, the practise being to buy in the fallf 
feed through the winter and sell in the spring. Such increased 
weight as live stock make in that period, however, is not suffi¬ 
cient to pay for its portion of the feed given. Profit, therefore, 
comes through improved condition of the meat, and the differ¬ 
ence between fall and spring values. The successful feeder 
aims for an increase of about 100 per cent. 

To accomplish this, care must be exercised in feeding. The 
coarse and unbalanced rations which cattle had to depend upon 
on the ranges, proved anything but beneficial to them, particu¬ 
larly, out of the growing seasons. The method today is to use 
grains with the roughage, and to grind the grains and cut the 
roughage. For this the farmer must have power—in fact to 
meet competition the farmer must economize on his feeding, 
that is, he must work for the best results with the least expendi¬ 
ture for feed—power for cutting and grinding is now a necessity 
on every stock' farm of any appreciable size, for with feed so 
prepared, there is better assimilation and less waste. 

Of late years, an enormous impetus has been given to alfalfa 
grinding and com cutting for ensilage. Feeders have found that 
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by following this method the cost ot the apparatus and the power 
for driving it is more than saved in a single sea .am over the 
old method wliieh involved wash/ through stork trampling tludr 
fodder under their feet. Further. b> grinding and mixing the 
feed, any ration desired may be prepared. 

One of our largest fanning indust ries is that, of stork “ i redim- 
and in so far as the need for power is concerned, sinek M raising ” 
farms may be regarded as in tin* saute elu \ balaneed rations for 
young stock being perhaps even mon* important than for 
“ feeders.” 



Iug. 12—Dimension Plan showing Po wick House a Nit AstKANUKMKN r 

OF BUILDINGS ON DAIRY FAKM At Pt.AINSItOKU, M f, 


On all such farms there is rtHisiileruhle demand fur puwe 
ranging in most cases from 25 to 50 h.p, and sometimes eonsidei 
ably more. Besides the power necessary on the individiu 
fanns, there are in all farming, districts industries that ronvcf 
the farm produce into (hushed products. 

. Electricity is gaining a foothold for both lighting and powe 
m our better class of dairy farms. 1 is great cleanliness and safe!, 
or lighting leave little room for argument when now dairy build 
mgs are being planned And on account of its conveniens 
as a form of power, it is frequently used with cream separator;* 
chums, refrigerating machines, milk testers, also in the ban 
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or field work incidental to the preparation of feed and handling 
of crops. 

Fig. 12 shows a large milk farm at Plainsboro, New Jersey, 
where electricity is used for lighting, clipping cows, operating 
a bottling machine, spinning on tinfoil caps or seals on bottles, 
cutting ensilage, running a saw mill, pumping water from a deep 
well, grinding feed and elevating it to storage bins. 

The fact that this is a commercial plant turning out daily 
from 3500 to 4000 quarts of milk, where a high standard of 
quality is rigidly maintained, is evidence that there must be 
advantages in using electricity in such an installation. 

The total acreage of the farm is nearly 1200, and at present 
about 70 per cent is under cultivation. Electricity is generated 
by steam power and distributed at 220 volts. The generating 
equipment, at present, consists of one 25-kw. direct-connected 
unit, steam boiler, etc. 

This is not a large generating plant, to be sure, but it insures 
cleanliness of lighting equipment and safety from fire risk in 
the barns, bunk houses and outbuildings. It also makes pos¬ 
sible a convenient source of power in any part of the farms or 
outbuildings, which, of necessity, are widely distributed, and 
cost of generating the current, including interest and depreciation 
charges, is probably not over 4 cents per kilowatt-hour. 

Scientific milk production is more and more coming into 
prominence and the necessity for perfect cleanliness, immediate 
cooling and keeping the milk at a low temperature, compels 
such dairy farmers to adopt devices that will be most helpful 
in obtaining these results. 

Fig. 13 shows the bottling room at a milk dairy in Morristown, 
New Jersey, where the walls, ceilings and floors of all rooms in 
which the milk is handled are washed down daily, both morning 
and evening—the electric lighting fixtures being entirely water¬ 
tight. 

“ Dairying ” and “ stock raising ” are usually followed where 
land needs upbuilding in fertility, and in either the silo is a 
necessity, cutting up succulent forage crops and storing them in 
the silo for later use being the accepted method of preparing 
the feed. To do this the fanner must have power, but a 10-h.p. 
electric motor with its capacity for momentary overload will do 
work that would stall a gasolene engine rated at 12 or 15 h.p. 
Hence, for silage cutting and elevating, a 10-h.p. electric motor 
is sufficient where a 20-h.p. gasolene engine would be recom¬ 
mended. 
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The farmer can easily recognize the advantage of the electric 
motor for this operation, and when once adopted, he soon wants 
to use the current for grinding feed. haling hey and other pur¬ 
poses. 

On the dairy farm, however, electririiy offers oilier oppor¬ 
tunities, as it is the most convenient form of energy for uperatinr 
an artificial refrigeration plant, the cream separator, ehurn and 
butter worker. The reason, for this rests in the ease of control, 
making for economy. The current is used only while the ap¬ 
paratus driven is in operation and ntav be shut off when the work 
is done. No skill whatever is required to operate such equip¬ 
ments, it being necessary only to turn a switch, 

Cream separators, while often turned by hand on small 
dairy farms, are more frequently driven mechanically when* 
considerable cream is handled. Fig. H shows l lie use of die 
electric motor for separator driving when* perfect cleanliness 
is a factor. Cream separators, except in the very large sizes, 
require not more than a I, ah.p, mol or anil they are in operation 
only for a comparatively short lime., The operating cost, there¬ 
fore, is practically negligible, 

Figs. If), lb and 17 show a. complete ereainerv outfit of excel¬ 
lent type, each piece of apparatus being driven by an individual 
motor. The power required for the various branches of cream¬ 
ery work is small, convenience and freedom from dust being the 
all-important fac tors. 

In large dairies when* hand milkers are difficult to obtain, 
the milking machine lias a place and the records, seem to show 
that these devices are favorably received in some of our western 
dairy sections, at least . Those that tin* writer is, familiar with, 
which have! >een commercially used in this country, consist prin¬ 
cipally of a vacuum pump, milk chamber with specially con¬ 
structed admi ssion valves, rubber connecting tubes and special 

type of cups which, fit directly on the cows teats, a eon. 

venient method of driving the vacuum pump bring by the electric 
motor. These equipments an* often called •* electric milkers.*’ 

The only u electric milker really deserving the name that 
has come to the writer’s attention is nhmvn in Fig. IS, 

1 his device is so designed that, an electric mot or of about 1 /12 
h.p, forms an integral part of the apparatus that does the milking, 
flic whole machine being suspended under the belly of the 
cow. I hiough, a worm and gear the motor moves an aluminum 
rod forward and backward, which carries the pressure plates, 
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and the teats, being held in a fixed position by a corresponding 
set of stationary plates, are thus squeezed as in hand milking. 

It is an ingenious device, free from springs, tubes or other 
parts which might get out of order, and being of aluminum it is 
very light in weight. All of the details of design have been 
carefully developed, and as a machine milker, it is deserving of 
care f ul consi do ratio n. 

As all dairymen know, refrigeration is an essential that they 
cannot do without. In many plants natural ice is still used, but 
the cost of harvesting, storing and handling ice is far greater 
than the operation of a power-driven refrigerating machine. 

Artificial refrigeration is more sanitary and far more con¬ 
venient. Figs. 19 and 20 show a refrigerating equipment 
which was recently installed in the dairy department at the 
College Farm of the New Jersey State College of Agriculture, 
New Brunswick, N. J. 

Iti this refrigerator is the usual brine tank through which the 
ammonia coils pass. The cooling of the brine and of the refriger¬ 
ator entirely takes the place of ice. In other words, it is not 
a combination refrigerator, but is cooled by the ammonia 
pumped by an electric motor. The same pump and motor con¬ 
ducts ammonia through the inner compartment of the milk 
cooler and aerator shown in Fig. 20. 

The motor is set running just before the milk is started to flow¬ 
ing over the cooler and aerator. The milk by passing over it is 
cooled and aerated, and run into the bottler just below. As 
soon as the milk has all passed over, the motor is turned off; 
thus the power used is a minimum. 

Some dairies without this equipment, resort to pumping of ice- 
water through the cooler. This, of course, can be done with the 
electric motor or any other power and even by gravity. This 
last method is most common, but in warm weather it does not 
cool the milk sufficiently. The cooling which the electric 
ammonia, system provides makes it possible to almost freeze the 
milk, and thus keep down the bacteria content by reducing the 
natural multiplication of these organisms. 

Small refrigerators are beneficial on all farms for storage of 
eggs, dressed poultry and for preserving the freshness of flowers, 
fruit or garden truck that cannot be immediately sent to market. 
They are also useful for keeping meats and other perishable sup¬ 
plies for home consumption. 

Figs. 21 and 22 show an ice-carrying machine operated by 
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electricity on the farm of Dr. Schuyler S. Wheeler, who states: 

1 he outfit was eminently practical and satisfactory in every 
way and enabled me to fill my house with about 200 tons of ice, 
using five men and no teams, in four days. Previously it has 
been the custom to employ four to six teams, four to five days in 
addition to these men.” When the bridge was fully elevated, 
2.5 h.p. was required, current for which was supplied from the 
private generating plant, ordinarily used for lighting and small 
power devices. 

Individual uses for electric power on the farm seem to be 
almost without end. Fig. 28 shows the method of electric clip¬ 
ping employed in the dairy barns of a milk farm, and cow groom¬ 
ing is accomplished in similar manner. When milk of the high¬ 
est quality is to be produced, the funner must, put his stock 
through a careful preparation for cleanliness, and it has been de¬ 
termined, at several experiment stations, as well us in practical 
c.ommcicial dairies, that it pays to groom cows daily, owing to 
the greater production of milk thus obtained. In'some eases 
this practise has resulted in an average increased output per 
cow of 15 per cent, which of course, even at a low value of 
milk, would pay for the electric current, man’s time, etc. Figs. 

and 2(i illustrate other applications of electric power which are 
in successful use at this same farm. It can be said of this plant 
that everything that makes for quality and efficiency has been 
employed, but nothing that would suggest an over-capitaliza¬ 
tion of equipment. 

_ a "M fanning one realizes that the time incidental to covering 
distance is one of the greatest handicaps to rapid production 
and the accomplishment of quick results. The force of this 
statement; is hard to realize until one has actually observed the 
distance a fanner and his men will travel in a day by team or on 
foot in going to and from their work, the house or barn buildings. 
Perhaps the fanner will desire merely to speak to his assistants 
about their work, but, nevertheless, he must, travel the interven¬ 
ing distance, as, generally, no other means of communication is 
available to him. 

In the western farm life, this is not so frequently the case, as 
the telephone has been used there for several years, but in the 
East, strange as it may seem, the telephone is" only rarely found 
in the fanning home and in the fields. 

Some time ago, one of the electrical manufacturing companies 
designed a water-tight telephone, Fig. 27, for mine, police and 
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railway service or other exposed use. The case is cast of heavy 
malleable iron, so shaped as to permit of attachment to a pole, 
post or side of building. The door closes against a rubber gasket, 
and when closed, the case is water-tight. 

This form of local telephone station has been installed at some 
thirty different points on the farm of Mr. E. E. Ramsdell, Minot, 
Maine. 

Mr. Ramsdell has introduced several electrical devices for 
saving labor on his form. The installation that has impressed 
me as being most worthy of especial mention, however, is his 
telephone eqiiiprnent. 

Fig, 28 shows the farm u central ”, and from any outlying point 
on the farm the owner or his men may talk to the farm head¬ 
quarters, the nearby town, or to any place whatever, by “ long 
distance ” if necessary. 

Another form of telephone equipment which should be very 
useful for field work on the larger farms is shown in Fig. 29, 
consisting of a portable magneto telephone, which may be 
carried as part of the field worker’s outfit, and by means of a 
pole jack, which is also shown in the illustration, it is possible to 
signal to, <>r converse with any other part of the farm. Telephone 
installations of t in* kind just described may also include a separate 
water-tight loud ringing extension bell that may be heard at a 
considerable distance from the fixed signal point. Such appara¬ 
tus, and in fact any electrical devices for farm use, should be 
substantial in construction and built to withstand weather con¬ 
ditions, 

That electricity on the farm makes for great economy, not 
only through convenience, cleanliness and safety, but also 
in actual cost of operation, can be proved over and over again 
in the case of those installations where the service is properly 
installed and where apparatus of suitable type and size has been 
selected, For example, in one instance where the monthly 
output was considerable, the cost for electric power averaged 
from one-half to one and one-half mills per pound of butter made, 
the rate of charge* for current being 2| cents per kilowatt-hour. 

Considering the cleanliness, minimum upkeep and labor 
required, this cost becomes negligible. And the difference in 
cost of using electric illumination, compared with the full costs 
incidental to burning kerosene, while somewhat dependent upon 
the relative rates of charge, is actually in favor of electricity, 
when chimneys, wicks and time of trimming are considered. 


2002 


BATES: ElECTKiilt \ m\ tifE EAMM 


28 


so as a I a at 
Oil;' an* 1 ? *1 


fan 


■n!d 


all, 


It may, there fora, he occc; 
elsewhere, electrieily fur lie-! 
cost, but to make this sfatun 
I would add that where ehvtr 
a public supply on a basis d 
is entirely within tin* privum 
to equip his property wi?h a 
that will yive him liphi. and 
operation of such a plain' - m • 
understand. 

The plant illusirated by lm. 
a maximum of simplicity and ? 
which reasons I rider to if as , 
anyone desiring the bench* ».i 
outlay. In this instance, ;t :-w;.i 
450 rev, per min i is belted o» 

As the mill speed is i jmi 
introduced in the elect rieal envoi? b* 
storage battery, from which Urn lode 
Churkin# of this battery brim. d 4 r -; M lr 
Tf'his plant, which is on the fans m 
Wisconsin, develops current mr 21- I 


rest in - 


’amt, as 
m lower 
|m! T* deemed, 

■ asa.m*sI troni 

* sail Mr rales, if 
a rural dweller 

* O'-radm; plant 

' * 'osP and tin* 

■ o .*■ arivone t.o 


a * u 


n* 


52 * ♦ •! r 
era.? in 
w i * h I r 

\ t! t 


* a ?;! u *♦ iies 
'^pense, fur 


VeM 
it it 


, i■ 


cum 
I v s. (f 


dn 


.1 l loam.a, it 


he reach uf 

* mv fu*»dcrate 
4 re , da vi *lts at 
•■♦f a windmill. 
i! ■ nti.ic cut-in is 
Team** an *! the 
d ir, fulmn, fin* 
he d> naititt, 

*vnef. l..e, 
•*'•** •«'< *h ? itiippston 
lampK. Its whole rust wa S25U, exrlu-.ivr ,«f j,**»i*.n, hut 

including windmill, dynamo, .toragu !..u in - , automatl- ml in, 
wire, porcelain insulator: oriel,. ,wn, he , i ;ttMps * 

Hu* owner did the complete wiring and airaii: mg ,,f the lights 
and switches. I lie two year , ot net c, ltd operation and ihe 
cleverness uf the lighting -rheme, which nnhodi* . • .event! two- 
wav and three-way swindles b.r dr.tant control of both exterior 
and ulterior lights, is certain!v an indiraimu tC.it Mr, Forrest, 
tvho mns a farm of some hundred or more o , ha . done for 
himself wlmt. many other farmer mav al ,u do In a little planning 
and some interesting labor, 

IO make tins subject of eleetrieiiv on the farm reasonably 
complete, there is shown Fig, !W. w lit. h din,irate . a write.,nipped 
generating plant where the dynamo i , direetlv eomteeted to a 
vertical type gasolene engine, the whole unit mounted together 
on one foundation. The storage hatlerv i. in i|„. room adjoining, 
while the switchboard is built into a wall of ihe emdite room. 

In eonelusion, I would stale that the praelieahilit v and 
feasibility oi utilizing electricity lor both lighting and power on 

the iarm has been demonstrated by tnanv Mie.-es-.fttl installs 
tions. 




1912] 


BATES: ELECTRICITY ON THE FARM 


2003 


In some agricultural sections, central station operators are 
stimulating a general use of electricity in rural districts by follow¬ 
ing a far-sighted policy as to extension of service lines and rates 
for current. 

Should one or more isolated farmers find it impracticable to 
obtain central station service, there is open the opportunity of 
establishing a cooperative generating station, utilizing water¬ 
power, producer gas, steam, gasolene or fuel oil equipments, 
depending upon the conditions obtaining. 

In conjunction with such cooperative electric generating 
stations, there could be operated community laundries, creamer¬ 
ies, canneries, grist mills or other industries suggested by local 
needs. 

Where neither public service nor cooperative plants are feas¬ 
ible, a farmer may, at a cost of approximately $250, install a 
private electric lighting plant, large enough for two dozen lights, 
and from this as a probable minimum, he may install an isolated 
plant at additional outlay that will provide current for as many 
lamps and as much power as he may desire. 

The use of electricity on the farm makes for greater safety 
from fire risk, and for this reason especially, its use should be 
encouraged for lighting, heating and power. 

And, finally, as our future land improvement in the East, as 
well as the South, will involve drainage and irrigation, we may 
expect to see here, as in the West, electricity taking a leading 
place in agricultural development. It should be remembered, 
too, that electric energy is greatly cheaper than man or horse 
power, and that nowhere else are man and horse labor wasted 
through periods of inactivity to an extent to be compared with 
the labor waste on the farm. Now, when it seems impossible 
to secure men on the farm, the turn of a switch brings electric 
energy, begetting production and wealth. 
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Discussion on “ Electricity on the Farm ” (Bates), Boston 
Mass., June 28 , 1912 . 

J. D. Merrifield: Where I come from they sell electricity to 
the farmer at $50 a horse power, ami he can use it for anything 
he pleases. 

I want to speak of refrigeration. Mr. Bates states that every 
farmer can afford refrigeration. 1 will tell you of a refrigerating 
“ plant ” in use in my town, din* humidity of the air'there is 
very low. If you draw air through water and then pump air 
into the room by means of a fan, you will lower the temperature 
of the room six or eight or exam ten degrees. Where I live the 
temperature goes up to 119 deg. Ia.hr. in the shade, and I have 
known it higher. This may last a day or two. I know of a boy 
out there who rigged up a very successful device. .It consisted 
of a rod from his wagon and flu* picket rope from the cow, and he 
ma.de a little fan drive, pul the fan on the kitchen window, 
hung wet cloths, and lie cooled oft both the kitchen and dining¬ 
room, and made it a. very comfortable pln.ee to occupy. It is a 
very simple arid yet a very effective method of accomplishing 
the result. 

L. L. Elden: I. hope be lore Mr. Bates leaves our country here 
in the Hast lie won’t fail to find out that at least one electric 
company is entering the field. The Edison Electric Illuminating 
Company of Boston has what is called an “ Edison farm,” about 
twenty miles from Boston, whore all types of electrical machines 
and applications oi electricity to these mad tines are on exhibition. 

I lie company is offering to extend its lines practically anywhere 
to get the business, and it. is practically off-peak business. It is 
therefore very attract!ve to the company from both the capacity 
and income points ot view. I do not know whether this exploita¬ 
tion has been attempted elsewhere, and we do not know exactly 
what the result of this effort: is going to be, but so far there has 
been a marked interest displayed by the neighbors in the vicinity 
of the exhibit, and sales of several large motors have been, made 
for farming purposes. 

Putnam A. Bates: I have known something of the idea 
that this company was planning, and I am very glad to hear that 
the project has been put into actual operation this year. There 
is no question that it will take a little time before the additional 
expense of such an exhibit is brought, back, but when it 
comes back it will come back strong and the companies 
that make their beginning now will bo the ones that will 
profit the most. The sale of electric rnaeliinery among the 
farmers, as 1 have pointed out, is going to be tremendous. The 
sale of electrical energy is going to be even more tremendous, 
because' in five or ten years at the outside, it will be a most 
unusual thing to see a farm without electric current in use for 
both lighting and power. 

. I Cim recollect when dentists used a hammer, to drive the filling 
mto one’s teeth, but they don’t do that now. A little electric 
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motor has been substituted for the hand method. I have worked 
my own garden with a hand wheel hoe, but why should I not 
attach an electric motor to this device and let the motor do 
the digging while I merely furnish the energy to move the tool 
along? That is what was done with the big grain harvesting 
machines, They required forty or fifty horses or mules to pull 
them, the greater part of this energy being necessary to do the 
cutting, threshing and binding. Some ingenious fellow said, 

“ Why not leave a good many of those animals in the barn, or 4 
sell them to the neighbors? Put a little gasoline motor on the 
back of that threshing machine. It is heavy already. It won’t 
add much to put on a few hundred pounds more. Let the 
gasoline motor do the threshing and binding, and let the animals 
pull the thing about.” That was a great improvement in har¬ 
vesting machinery. 

J. A. Moyer: I would lijke to ask Mr. Bates one question, 
whether he has any figures regarding the proportion of the in¬ 
dividual or isolated plants used in comparison to central station 
power, where the latter is available. 

Putnam A. Bates: If I understand the question correctly 
my answer must be that the isolated plant and the central station 
service for the farmer very seldom conflict. We might think they 
would, because in the city we find such competition always. But 
out in the rural sections the conditions are different. The 
central stations seem to be either progressive or hopeless. The 
former follow a liberal policy and cultivate the farmers’ business. 
They are solving the problem from his point of view. With the 
latter class, we find the plants generally are carrying tremendous 
overhead burdens and have to charge from ten to fifteen or more 
cents per kilowatt-hour, and they insist on the farmer paying 
for the pole line if he wants the current. It is a ridiculous prop¬ 
osition. The farmer simply buys an isolated plant instead. You 
can compete with a ten-cent service rate by having an inde¬ 
pendent plant. 

You find that on the farm, labor conditions work out differently 
from in the factory. In the factory you can differentiate between 
your candidates for employment. You can pick out the skilled 
man. You can let the others who apply go. But on the farm it 
is the other way around. You are mighty lucky if you get an 
unskilled man, to say nothing of the skilled man. These farm 
hands are pretty good as farmers. They usually mean well, but 
they will go along with the load of corn stalks to put into the silo 
and if you have a gasoline motor of 12 h.p. that is supposed to 
be ample to drive an ensilage cutter and silo filler they will put 
two bundles of wet cornstalks on the platform, and they will jam 
them in so as to stall a 12- or 15-h.p. gasoline motor every time. 
So really you ought to have 20 h.p. in a gasoline engine if # you 
want to do silage work and do it right. Now with electricity 
you can use a 10-h.p. motor. It will cost less than a 10- or; 12- 
h.p. gasoline motor, and rough treatment such as I have described 
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believe the use of electric power on the farm centers at present 
in the farmer's desire for electric light. In most cases he will 
produce the power himself, using a small gasoline or oil amine 
generator, and storage battery for lighting! This is the entering 
wedge. If planned beforehand, the generator may have sufficient 
capacity to supply power for the flat-iron, washing machine kin 
sewing machine, etc., as well as to charge the battery, without 
causing the plant to cost materially more. The {armor may be 
ambitious and desirous oi doing his grinding and pumpine by 
means of electric power. I Ie may still do this with a small capac¬ 
ity plant. . But this is perhaps the extent to which, it, appears to 
me, electrification should be carried by the average iarmor at 
present. 

II a numbei of fax ms operated a plan t in cooperation the 
above discussion would be subject to considerable revision. But 
because of the human equation entering, general cooperation 
lias hardly proved a success among farmers. 

In the future the following causes may extend the decree of 
profitable electrification; 

a. The increase in value of farm products to such a point that 
it may pay to multiply machinery for the more efficient and rapid 
handling of them. 

b The general development of large central station systems 
foi the economic production and distribution of power. 

c. The increase in size of farms under single or corporate owner¬ 
ship. 

Any of these causes or combination of causes may produce the 
deshed end. I he point I desire to make in this discussion is 
that the members of, the electrical profession interested in exploit- 
ing electricity for the farm will gain greater and farther reaching 
results in the end if such exploitation is followed along careful 
and conservative lines. I he confidence oi. the farmer will then 
be secured. 

Putnam A, Bates (by letter); Mr. Adolph Shane in his dis¬ 
cussion of my paper “ Electricity on the Farm "states; " under 
certain ^ conditions these possibilities may prove to be desira¬ 
bilities." And he adds the question: “‘To what extent is it 
desirable to electrify a farm?" 

In answering this question, I must first emphasize the fact 
that in my paper I have not described possibilities, but have 
located actual conditions of electrification on farms, many of 
which have been thus successfully operating for several years, 
a sufficient length of time to demonstrate fully their desirability* 

I he purpose of Mr. Shane's argument, I take it,, is to awaken 
the central station man to the importance of aggressive co-opera¬ 
tion m this application of electricity landward, and while in a 
measure I can sympathize with Mr. Shane, as my own farm in 
New Jersey lies in a section of electrical supply where the opera¬ 
tors ot the local plants are many years behind the times, generally 
speaking, the central station men are now quite alive to this 
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problem, and it is a notable fact that during the past two years 
the progressive central stations in the United States and Canada 
have been making rapid strides in extending service to the farm. 
In fact, almost coincidently with the presentation of my paper 
at the Boston convention of this Institute in June last, the 
National Electric Light Association during its convention in 
Seattle discussed this subject and many important data were 
presented. 

A few years ago, Mr. Shane’s statement that the greatest 
farming sections of the United States are in the Middle West 
would have gone unchallenged, but today reliable reports do 
not show this to be so. 

Unquestionably, the Middle West is deserving of great credit 
as a section of immense agricultural wealth, but in basing an 
argument as to the best equipments to recommend for the 
proper development of ourfarms in all sections of this vast country 
on the practises that now obtain there, more credit is being 
given than is due the Middle West, or any other one locality, 
for that matter. 

The very fact that the Middle West has for so many years 
been regarded as a leader, agriculturally, is, I think, a sufficient 
reason for us to regard with suspicion any suggestion of im¬ 
practicability regarding the recommendations of those who wish 
to see the advancement of new ideas in this field. It is in the new 
sections that we are most apt to find the early adoption of im¬ 
proved methods and not, necessarily, in those districts where an 
industry has long been successfully established. 

The older agricultural sections must not remain too wedded 
to the methods of the days during which their reputations were 
making, for it is only through a continual application of new 
ideas, improving upon the old methods, that supremacy can be 
maintained. 

The increase in rural population during the past ten years has 
been decidedly in favor of sections other than our Middle West, 
and this is a straw that shows the way the wind is blowing. In 
Iowa, for example, the rural population has actually decreased 
and the same is true of Missouri, Indiana and Ohio, whereas in 
the other States of the middle western group the increase has been 
less than ten per cent. Against this, we find the^ increase in 
Washington, Oregon, Idaho, California, Nevada, Arizona, Colo¬ 
rado and other States to be 30 to 50 per cent, and in some cases 
even more than this. These figures are from the U. S. Govern¬ 
ment Census reports, 1900 to 1910. 

A similar condition is indicated to us by a study of the acre 
crop yields of the middle western States compared with the old 
eastern States that are coming back into their own through the 
scientific treatment which these “ worn-out ” soils are now re¬ 
ceiving and the passing of the farms from weaker to stronger 
hands. This fact is shown by the following figures taken from 
the reports of the Department of Agriculture of the United States 
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for the year 1910 regarding the production of wheat, corn and 
oats since 1866. Reliable reports prior to 1806 are not available. 
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One very important feature of the now much discussed sub¬ 
ject of 44 electricity on the farm ” is that where this improve¬ 
ment is found, it is universally accompanied with hotter con¬ 
ditions generally. The fanners are of a different frame of mind 
from those where the less efficient forms of energy are used for 
power and lighting. This condition 1 have noticed many times 
in different localities, and it is in my opinion the most important 
condition of all, because this interest, means better fanning in 
all branches, and even if the electrical method were the most 
expensive, which it is not under a proper order of things, a com¬ 
prehensive scheme of electrification would be justified on all 
farms worthy of the name and fanners will do' well to adjust 
their present conditions so as to In* not long delayed in the en¬ 
joyment of the advantage's of electricity, no matter what agri¬ 
cultural section the farm is located in. 

We would not think of recommending electric power for the 
textile mills of New Jersey and then advising against its use in 
the mills of Illinois. We would not say that the machine shop 
in New York State, where we will assume the power rate for 
electrical energy is from 5 to 10 cents per kw~hr,, should be op¬ 
erated by hand-power whereas the shop in Colorado, where 
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perhaps a 2- or 3-cent rate prevails, might indulge in electrifica¬ 
tion and the many resulting advantages therefrom. 

Electric drive and electric lighting are too well understood for 
us to confuse in any way the importance of their advantages with 
the obstacles that are naturally encountered in the introduction 
of a new method into a new field. 

Today, however, the farmer is independent of the central 
station, and yet where service is supplied at a fair rate with rea¬ 
sonable reliability,^ there may be advantages in some cases in 
not installing a private plant. In any event, the problem can 
be solved and the improvement well justifies the expense. This 
has been demonstrated in many places, under many conditions. 

On all farms the problem of electrification should be taken 
seriously. On the small farm it may not pay to carry the idea 
as far as on the large farm, but again the reverse is sometimes 
true. In the small farm home, oftentimes it is nearly impossible 
to secure satisfactory labor, and it is under such conditions that 
electrical energy is most useful. On small farms a large amount 
of power is seldom, if ever, required. The feed is ground when 
bought and threshing and other heavy work can be contracted 
for. 

On the larger farms a greater percentage of the operations 
involved in converting raw material into finished products is 
undertaken, the average daily power requirement is greater, 
and the business enterprise is of sufficient magnitude to justify 
a gradual improvement in equipment and an ultimate adoption 
of the most efficient methods. This is an economic problem and 
one which is more important to consider on our farms than in 
our factories or mills. And from the facts already presented 
we know that the increased rate of handling work, the decrease 
in labor required and the actual economy of electrical power 
commend this form of energy for favorable consideration on the 
farm as elsewhere. 

I must also differ with Mr. Shane in what he says in reference 
to the character of plant that would be necessitated under certain 
conditions which he has named. 

While a 25-h.p. motor would be running less than half loaded 
when operating an ensilage machine in reasonably good repair, 
and slightly more than this when driving a threshing unit of 
average size, let us take Mr. Shane’s figure for the sake of argu¬ 
ment. Manifestly it would not be good planning to load the 
entire year’s -service bills, where the ordinary day’s electrical 
requirements are small, with the inefficiencies and overhead 
charges incidental to a service equipment that is out of aH pro¬ 
portion to the average current demand. The idea of electrifica¬ 
tion of the farm should not be carried -to this pointy 

The same principle is true in the designing of a private plant, 
but there the difficulty cited is more easily overcome through the 
introduction of a storage battery of sufficient capacity to carry 
large peak loads. In fact it is advantageous to have the battery 
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KiHCTHiarr on the farm 


t.hme 28 


' it. is today in 
(Mnneetieul, 
there in little 
iMh lighting 


Hi .such sixe that it does not have to he charged everv twenty- 

!" ur as "'»• encounter the labor problem whioti 

is so difficult to arrange satisfactorily on tin* farm. 

. ^ tltc I'lant be so designed that, the generating set is of sufficient 
size to carry the evening lightmg load direct and to charge the 
storage buttery during the daytime, and the baiferv is* large 
enough lor the heavy peak loads when unusual work is being 
undertake!!, it is better, even if it takes several dave. to ,.i nr 4 
1 lie battery fully, than it Would be to have a generating sJt of 
sulheient capacity tor the maximum dvtttand and uttlv a sin-ill 
battery or none at all. 1 ,nuu 

i\o\v one word about electricity j» the dairy. Mr Sltane 
speaks of possibilities ami desirabilities of electrieitv 'on the 
farm. Let. me say that when clean milk is selling wholesale 'at 
front 7,. to in cents jter quart net to the fanner, ;c’ 

New York State and New Jersey, Mas:,-iehu.-etis, 
Pennsylvania. Maryland and doubtless elsewhere,' 
question of the desirability of using elecfri. il v for 
and power, no matter what may he the source of elcelrieal supply 
•or the introduction of electric light and power devices in our 
high-class dairies has done more toward bringing down the hac- 
lenal eoiinl in milk than any one other feature of equipment 
except sterilutation facilities and proper means of cooling. 

In the creamery, it is not a question of economic use of power 
that prompts the use o| the direct-connected or closely helled 
motor “driven separator and similar sanitary devices, but the dim- 
mat ton hi dust •stirring parts and vibrations and uneven speeds 
Wlneh reduce both the quantity and quality of creamery pro- 

x \ u ‘ possibilities, of electricity on the farm would be 
to ileMpii an idea! installation with an infinite number of uses 
ton tins form of energy. This 1 have not attempted Jo do in 
tny paper, but instead have confined myself wholly to descrip¬ 
tions of actual installations and the submission of data from 

which all may benefit m dealing with this problem in individual 
ra.sus. 

In closing, I would, therefore, point out that, the electrician 
must get Ins point of view in this matter from the needs of the 
farm in quest ion and select, his equipment on the basis of u proper 
<toitounc treatment of the problem of the management of the 
arm as a whole. _ lie must not reason front the standpoint of 
the tanner who ts today poorly equipped with apparatus or 
knowledge as to scientific agriculture. The farm is a factory 
am! ut the profits of its output will be reflected the skill with 
which its operations are managed. 

. j iI ‘*‘ , trie light and power tire used everywhere else in our 
industries and it ts only through lack of confidence in the possi- 
Mhtiesof success m farming as a business that anyone would 
nr juMifirti m tlv nym^ this; ^resit, improvement to the fanner, 

1 he points wlneh Mr. Shane raises eume really under the heads 
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of “ farm management ’’ and “ plant design.” And the answer 
as to whether any particular farm should be electrified or not 
must rest with the farmer himself. I need only add, as a guide 
to anyone in such a position, that the value of the farm as a pro- 
ducing proposition should be determined and its operating con¬ 
ditions noted. If then the business enterprise is of sufficient 
magnitude or of such character as to justify an important im¬ 
provement for safety against fire risk, or for improved and in¬ 
creased production with greater economy of operation, then find 
a way to electrify and carry this as far as the state of the art 
may permit, or as far as one experienced in these matters would 
advise. 
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THE USE OF REACTANCE IN TRANSFORMERS 


BY W. S. MOODY 


Until recently, reactance in transformers was considered only 
as an objectionable characteristic. To this there w T as one minor 
exception, which will be referred to later on, in connection with 
transformers to furnish constant current for arc lighting; but 
in general, because of its detrimental'effect on regulation, react¬ 
ance in transformers has been considered something to be 
avoided, and the more it was avoided the better was the trans¬ 
former supposed to be fitted to its use. 

Recently, however, in connection with the use of larger units 
in generating stations, and higher voltages in transmission lines, 
reactance in other parts of electrical installations has become 
less and less, until a short circuit in such a system may result 
in such a tremendous flow of current, that some means of limiting 
the possible current rush through the system has become impera¬ 
tive. The most natural remedy is to replace in the system, by 
the transformer, some of the reactance that has been taken out. 

Reactance has commonly been used as a means of obtaining a 
variable ratio of transformation between the source of supply and 
the collector rings of synchronous converters, but when more 
than 3 or 4 per cent reactance is desired for this purpose, it has 
been customary to use separate reactance coils between the trans¬ 
formers and the converter. A very satisfactory method of 
obtaining as high as 15 to 20 per cent reactance for this purpose 
in the transformer itself, has been recently developed. 

It is the object of this paper to. discuss in a general way how 
reactance can be introduced into transformers for the purposes 
mentioned above, to point out some of the difficulties and limita¬ 
tions which are met in obtaining the desired results, and to show 
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how effectively some of the problems connected therewith have 
been solved. 

As all know, a transformer would have no reactance when 
under load it all the lines of force created by its primary tInvaded 
through the secondary and if all the lines Unking the secondary 
also linked the primary. Such a complete interlocking of the 
primary and secondary [luxes is, of course, impossible, a portion 
of the fluxes always passing through the spaces between the pri¬ 
mary and secondary coils. 

The percentage of the total flux that links with the primary 
but does not link with the secondary coil, plus that which links 
with the secondary but does not link with the primary, is the 
per cent of reactance of the transformer. That is, when 99 p 0r 
cent of the primary llux cuts both primary and secondary, the 
transformer is said to have .1 per cent reactance, and when 90 
per cent, only, cuts both primary and secondary, it, has 10 per 
cent, reactance. 

Calculations for reactance are made by an equation of the 
form: 

Reactance* volts ~ 

(Turns) 2 X Current X Area of leakage pat h 
Length of leakage path X (No. of groups) 2 A aronstant - (1) 

Prom tins formula, if is evident that reactance for a, given 
size of transformer may be decreased, 

a. By decreasing the total number of turns in primary and 
secondary. 

b. By decreasing the length of turn, with a, corresponding 
increase in the flux density in the core, or by decreasing the dis¬ 
tance between primary and secondary windings, 

e. By increasing the dimensions of the windings in the direc¬ 
tion in which the leakage flux passes through the wire space. 

d. By increasing the number of groups of intermixed pri¬ 
maries and secondaries, the number of turns in each group being 
correspondingly reduced. 

So much effort, has been put forth in designing transformers 
of the lowest possible reactance consistent with reasonable ex¬ 
pense in the matter of insulation and efficient proportioning 
of the various parts, that one would naturally think that if low 
i eaelaitee was not desired, if would be a much easier problem 
t<> make a transformer. 

Several difficulties are met,, however, in the design of frans- 
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formers with high reactance, principal among which are an extra 
loss in the conductors due to eddy currents, an increase in me¬ 
chanical strains under overloads, and difficulties m multipling 
different sections of the windings. Some of the leakage flux 
between the primary and secondary windings must pass through 
the conductors of the windings themselves, resulting in an 
inequality of the e.m.fs. generated in different parts of the same 
conductor. This gives a distorted distribution of current, pro¬ 
ducing a copper loss, in addition to the calculated PR loss, which 
is roughly proportional to the square of the density of the leakage 
flux, and to the square of the width of the conductor in a direction 
at right angles to the leakage field. Unless the width of the 
conductors is small, therefore, high densities of leakage flux are 
not permissible, on account of the resulting abnormal copper loss, 
and the corresponding increase in heating, and decrease in 
efficiency. 

Perhaps the first use of high reactance in transformers was 
that referred to above, to obtain in the secondary, constant 
current rather than constant potential for purposes of arc light¬ 
ing. Here, however, not a constant reactance but a variable 
one was needed. High reactance was here obtained without high 
densities in the leakage flux, by providing a large cross-sectional 
area of the leakage field rather than many turns; and since the 
conductors were not large, no especial difficulty was experienced 
with eddy currents. The increased reactance for partial load 
conditions in these transformers is obtained by moving the 
primary farther and farther away from the secondary, so that 
the leakage flux is increased by increasing the area of cross-section 
of its field, the density remaining constant. 

This method of obtaining high reactance is very expensive 
because of the great length of core that is necessary to surround 
this idle space, in addition to surrounding the copper and insula¬ 
tion, and is prohibitive in large units. The reactance that can 
be obtained economically, without a density of leakage flux which 
is not too high from the standpoint of eddy current loss, varies 
with the voltage of the transformer, for the higher the voltage the 
greater the distance that must necessarily exist between primary 
and secondary windings for insulation purposes, and therefore the 
greater the amount of flux that can be carried through this space 
without serious eddies in the copper. Thus it may be as easy 
to make a transformer with 10 per cent reactance when wound 
for 100,000 volts as for 5 per cent reactance when wound for 


201S 


MOODY: REACTANCE IN TRA NS FORMERS [Oct. 11 


25,000 volts, due to the broader path that exists for the reactive 
flux in the high-voltage design. 

As a general proposition, it may be said that it is usually 
impractical to get more than S per cent reactance in 00-cycle 
transformers without undue eddy current losses, and that the 
allowable maximum would be considerably less than this in low- 
voltage designs. For lower frequency, higher reactance may 
be practical, since eddy current losses are, of course, less at a 
given density. 

It has recently become customary to specify that the trans¬ 
former must not have less than, say 5 per rent reactance, for 
the protection of transformers, switches, generators, and in 
fact all parts of the system, against the high mechanical stresses 
due to excessive currents. It is not always appreciated, how¬ 
ever, that limiting the current in this way, while protecting other 
apparatus, does not necessarily make the iransfonner any 
safer to withstand overload conditions. 

Calculations for the mechanical stresses in the transformer 
may be made by the equation: 

Mechanical stress = 


(Turns) 2 X (Current) 2 

(Length of leakage path ) 2 X (Ntnnf >eroi* gr< >upsF 


a constant f2) 


where the groups are all alike; or where the groups art* not alike, 
Mechanical stress — 


(Turns) 2 X (Currents) 2 w 
(Length of leakage path) 8 


a constant, 


(3) 


where the turns considered are not the total of the transformer, 
but the turns in that, group which has the maximum number. 

From the above equations, it may be seen that when high 
reactance is obtained by massing tin* turns in a small number of 
groups, the “ turns ” factor of the expression for mechanical 
stress is increased, though t he 44 current. M factor at short circuit 
is reduced. If the groups are not, kept equal to each other, 
the maximum stress, which occurs in the maximum group, arid 
which produces the forces that are felt, by the core and coil 
supports, is likely to be actually greater under short.-circuit 
conditions for a higlnrea.ctn.nce transformer than for a low*re¬ 
actance one. 

With equal numbers of turns in all the groups, the forces will 
be greater for the low-reactance transformer than for the high- 
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reactance one at absolute short circuit with full voltage main¬ 
tained on the primary terminals, although not enough greater to 
make a very serious difference in any case where the supports are 
designed to supply a proper factor of safety for the high-reactance 
transformer. Moreover, with a definite fixed current flowing, 
the force will be much smaller for the low-reactance transformer 
than for the high-reactance one, and with a comparatively small 
external impedance, in addition to the impedance of the trans¬ 
former, the force due to short 
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circuit becomes less for the low- 
reactance transformer than 
for the high-reactance one. 

From the above it will be 
seen that very little is to be 
gained from the standpoint of 
safety to the transformer by 
the introduction of high re¬ 
actance within the trans¬ 
former itself. It is true that 
this would protect other parts 
of the system, but the addi¬ 
tional reactance would be 
equally as effective for this 
purpose outside of the trans¬ 
former as inside of it. 

This is illustrated by Fig. 1, 
which shows the mechanical 
stresses under short-circuit 
conditions, in a transformer 
designed for 2 per cent re¬ 
actance and in the same 
transformer when redesigned 
for 5 per cent reactance. 
It is assumed that constant 
voltage is maintained at the primary terminals. With normal 
current only flowing, the mechanical stresses in the high-re¬ 
actance design are higher than in the low-reactance design, 
but when short circuit occurs at the secondary terminals, the 
stress is higher in the low-reactance design. This is shown 
on the curve for zero external reactance. With the addi¬ 
tion of about 1 per cent external reactance, the curves cross, 
and with further increase in external reactance, the high-re- 


Fig. 


PER CENT EXTERNAL REACTANCE 

1—Effect of External Re¬ 


actance on Mechanical Forces 
in Transformers 
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actance transformer is subjected to the greatest strains. With 
3 per cent external reactance added to the low-reactance de¬ 
sign and none to the high-reactance design, thus making the 
total in both cases 5 per cent, the stress in the former is only about 
one-fourth as great as that in the latter. 

When short circuit occurs at some distance from the trans¬ 
former, the reactance of the lines adds to the transformer re¬ 
actance and serves to reduce the stresses on the transformer. 
In fact, in this case the line resistance also assists, and a smaller 
value of external reactance will cause the two curves to cross 
and the stresses in the low-reactance design to become less than 
those in the high-reactance design. 

The effort to obtain sufficient reactance for current limiting • 
purposes in an auto-transformer is a more difficult problem. 
These are frequently used for a one-to-two ratio of transforma¬ 
tion, as, for instance, in stepping up the voltage of a 10,000-volt 
generator to 20,000 volts. Here the auto-transformer has only 
half the rating of the generator, and the effect of its reactance 
on the system is only one-half that of its own inherent reactance. 
In some cases where it is necessary to get the equipment in the 
smallest possible space or keep to the lowest possible costs, 
it is necessary to be satisfied with what current-limiting reactance 
can be placed in the system by such an auto-transformer, but 
an exceedingly rigid design of coil supports then becomes neces¬ 
sary. 

When greater amounts of reactance are desired for flexibility 
in ratio of transformation, as for use with synchronous conver¬ 
ters, the result can be obtained by placing a laminated iron 
structure between primary and secondary in such a way as to 
form a path for the leakage flux. If this iron path is of such a 
section as to carry the flux corresponding to the desired reactance 
without approaching saturation, the copper will be entirely 
shielded from eddy currents, and the transformer’s reactance 
may be increased almost without limit. It is evident, however, 
that the use of such a device does not extend the possibility 
of current-limiting reactance, as the amount of iron that would 
be necessary to carry the entire flux on short circuit would 
result in a prohibitive amount of reactance, from a regulation 
standpoint, at normal loads. 

It is interesting to note that this use of an iron path for the 
reactive flux, as well as the high-reactance design in which the 
flux is entirely within the air space between primary and second- 
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ary, was first developed in.connection with arc lighting apparatus, 
where transformers with a fixed high reactance were used to 
obtain regulation characteristics approaching constant current. 
The proportioning of these flux shunts for transformers with 



Fig. 2—Diagram of Core Type High-Resistance Transformer 

regulating reactance is an interesting and not altogether easy 
problem, and it may be of sufficient interest, in view of the fact 
that it has been so recently reduced to practise, to be wor y o 
comment here. 
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Evidently there must be as many shunts as there are spaces 
between primary and secondary groups. Evidently, also, the 
section of these shunts must bear the same relation to the section 
of the core of the transformer as the reactance voltage bears 
to the full voltage of the transformer—this on the assumption 
that the density in the shunt at full load is to be the same as the 
normal density in the core at normal voltage. However, it is 
usually the case that if a straight line characteristic is to be ob¬ 
tained in the reactance, say, up to 50 per cent overload, the sec¬ 
tion of each of these shunts must be somewhat larger than this; 



15 u per oT reactance the section of the shunt will 
W to be perhaps 20 per cent of the section of the transformer 

' Again, it is necessary to have air gaps in this circuit: First 
because a straight line characteristic can not be obtained with 
any.magnetic circuit that is a closed iron circuit; and second 

a amPere tUmS that be P-cticat 

sat^Tth “ ag y t0motlve force would be obtained to over- 

T ^ f 1 CirCmt at ful1 load if there were only the reluc¬ 

tance of the iron circuit to limit the flux. It should be noted 
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that the loss in these shunts is not a constant one like core loss, 
but varies with the load; consequently, it affects efficiency as 
if it were a copper loss. However, the loss in the shunts is small 
as their weight is very small compared with the weight of the 
core. 

Figs. 2 and 3 illustrate the manner in which these flux shunts 
are placed in core type and shell type designs, respectively. 

Figs. 4 and 5 show the general appearance of the concrete 
core external reactances which have been developed and suc¬ 
cessfully used in large power systems to limit the flow of current 
at short circuit. 
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THE EFFECT OF TEMPERATURE UPON THE 
HYSTERESIS LOSS IN SHEET STEEL 


BY MALCOLM MAC LAREN 


In the paper which the writer presented before the Institute 
last year upon this subject* it was shown that there was no 
apparent change in the law governing the variation of the hys¬ 
teresis loss with the induction for all temperatures from atmos¬ 
pheric up to near the point where the steel became non-mag- 
netic. The writer suggested at that time that the rate of heating 
the sample might affect the change in hysteresis loss with chang¬ 
ing temperature and the measurements described below were 
carried out to investigate this point. It was thought also that 
some additional light might be thrown on this subject if hys¬ 
teresis loops were obtained from the sample near the non¬ 
magnetic temperature. This had not been done in the previous 
tests as the samples had been prepared for the two-frequency 
method of measurement in order to obtain results quic y at any 
temperature over as wide a range of induction as possi e. . n 
attempt was made at that time to obtain a few charactenstic 
loops at high temperatures, but the use of iron wire for the sec¬ 
ondary winding on the sample introduced errors on account o 
variable thermal currents in the galvanometer circuit which 
could not be readily eliminated. It was also found that the 
insulation resistance between primary and secondary a g 
temperatures was not sufficiently good to permit measurements 
by the galvanometer method, although no error could be de¬ 
tected from this source with the two-frequency wattmete 

method.________—---— 

^Transactions A. I. E. E., 191b Vol. XXX, I, page 761. 
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Method of Measurement 

In the present investigations the measurements were made by 
the method of slow reversals as described in the previous paper. 
The arrangement of connections for the test is shown in Fig. 1. 
The hysteresis loop is obtained by first applying a magnetizing 
force H to the sample by passing a current through the primary 
winding. It is advisable to reverse this current several times 
before taking the observations in order to make sure that the in¬ 
duction in the sample is in a stable condition. The galvano¬ 
meter switch should be open during these reversals. The gal¬ 
vanometer is then connected across the secondary winding and by 
inserting resistance in the primary circuit the magnetizing force 
is reduced at such a rate as to keep a constant deflection on the 
galvanometer. At the end of 10 seconds, or any convenient 
time interval, the ammeter reading and galvanometer deflection 
are recorded. At this point the galvanometer deflection may be 
altered and then held at a constant value for 10 seconds, when the 
ammeter and galvanometer readings are again noted. This 
process is continued until the current is reduced to zero, reversed 
and gradually increased until it reaches the same value as at the 
beginning of the test. The galvanometer readings then give a 
complete record of the change of induction for a complete re¬ 
versal of the magnetizing force and the ammeter readings give 

the corresponding values for the magnetizing force. In c. g. s. 

umts the change in induction B during any interval is obtained 
irom the following expression: 

T> kSt 10~ 8 

B -~sxr 

= galvanometer constant 
= galvanometer deflection 
= time interval (10 seconds) 

= number of secondary turns 

also H = — 2 Ti 

10 r ’ 

= meter?' Cr ° SS - Section sample in square centi- 

= number of primary turns 
= amperes in prinary winding 
X — mean radius of sample. 


where k 
8 
t 

S 


where A 

T 

i 
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The maximum value of B for any reversal may be found from 
the following expression: 

D k A / 10~ 8 

max 2 S X A 

where A is the sum of the deflections for a complete reversal. 

It should be noted that one reversal of the current gives one- 
half of the hysteresis loop. If the observations are accurate 
this is sufficient, as the other half is symmetrical with it. In 
all of these measurements, however, except at the maximum 
temperatures, the observations were carried through the entire 
cycle or double reversal, in order to check the accuracy of the 
results. 

It was found in practise that it was not always possible to 
keep the galvanometer deflection constant between readings 
and in such cases the average deflection was noted. The 



time required for going through the cycle was minimized 
without loss in accuracy by using larger deflections in the 
middle of a reversal. than were permissible at the beginning and 

end. . . 

Test Samples. Two samples were tested, each consisting 
of a number of sheet steel rings. The inside diameter was 25.4 
cm. and mean diameter 26.66 cm. Sample 1 consisted of a 
commercial steel used for pole punchings. The average thick¬ 
ness of the sheets was 0.693 mm. Sample 2 consisted of g 
silicon transformer steel, the average thickness of plate being 
0.348 mm. Sample 1 had a primary winding of 160 turns 
of No. 18 iron wire and a secondary of 50 turns of No. -.0 copper 
wire. The cross-section was 6.165 square cm. and the weight 
3.989 kg. Sample 2 had a primary winding of 168 turns and 
a secondary of 50 turns, both of the same wire as before. The 
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cross-section was O.ASn square cm. ami the weight was 
In each case tlic rings were separate.! at the center by 1,'-,shaped 
spacing strips to allow the introdueti <n of thermocouples. The 
secondary was first, wound on the sample and was insulated f rom 
it by sheet, asbestos and mica. It wa then covered with a thin 
layer of Portland cement, and a second layer of asbestos and 
mica. The primary was thenwotanl over this and distributed 
as uniformly as possible around the ring. ,\ the seeotularv 
covered only allot it } of the ring. the inside surface of the re¬ 
mainder was padded with asbestos to the same thickness as the 
secondary in order to assist in obtaining an even sparine of the 
primary turns. The whole sample was then covered with a 
second Iavei ol 1 ot llaud cement. I he use u| copper wire for 
the secondary absolutely eliminated the thermal e.m.f. which had 


H 



been present in tlu* earlier samples. As anticipated, however, 
it did not prove to be durable for sit eh high temperature work. 
After one heating oxidation increased the resistance about 2a 
per cent and the wire became so brittle that on one sample the 
terminal broke off upon removing it from the furnace. The 
change in resistance introduced no error in the observations as 
the resistance at start was only 0,.'f ohm, and total resistance of 
the galvanometer circuit was 21 aO ohms. 

I he insulation resistance bet ween primary and secondary 
was about 200 megohms when cold and fell to less titan one 
megohm at the maximum temperature. At these extreme 
temperatures it was possible to detect a mere trace of leakage 
from primary to secondary, but this only occurred with high 
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values of exciting current and was so small as t.o introduce no 
appreciable error in the results. 

Electric Furnace . The same furnace was used as in the earlier 
experiments. This consisted of concentric heating coils arranged 
to give as uniform a temperature as possible in the heating 
chamber. The temperature was measured by platinum-iridium 
thermocouples, introduced into the sample through small holes 
cut in the walls of the furnace. 

Results 

Sample No. 1. In this series of measurements the tempera¬ 
ture was increased quickly and then held practically constant 
while a set of observations sufficient for on? complete cycle was 



Fig. 3 

being made. During the earlier part of the run the temperature 
was held constant for an hour or more and then a second set of ob¬ 
servations was made. When it was noted, however, that the 
losses did not change appreciably during such intervals, the later 
measurements were made without holding the temperature con- 
stant longer than was necessary for one set of observations. The 
effect of aging when a constant high temperature is maintained 
for a longer period was well illustrated during this run by keeping 
the sample at about 186 deg. cent, during one night.. 

Representative hysteresis loops taken during this run are 
shown in Fig. 2 and the results of the complete series are given 
in Table I. The losses are also plotted with reference to tem¬ 
perature in Fig. 3. These are reduced to a constant induction of 
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10,000, on ilk-assumption that the loss will vary as the l.u power 
of the induction. 
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.S ample No. 2. The observations were made upon this sample 
wit hunt hold in}.; the temperature constant for any extended 
period, except'at noon, and the measurements immediately be- 
tore and after this period were practically the same. Some of 
the hysteresis loops taken durinj; this test are shown in Pi}.;. 1 
and the variation of the loss with the temperature is shown in 
hi};..). The results are t»ivett in del,ail in Table II. 
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' Comparing the results in the two cases it is seen .that there are 
certain variations in the shape of the loss curves although the 
general trend is the same. These variations are quite as likely 
to be a function of the previous heat treatment of the samples as 



of their chemical composition. It will be seen that the nigh- 
silicon steel becomes non-magnetic at a lower temperature than 
the ordinary steel and also that its permeability falls with 
increasing temperature throughout the test, while with sample 



No. 1 the permeability first rises and then falls away with 
increasing temperature. No special significance should be at¬ 
tached to this last point, however, as an inspection of the hystere¬ 
sis loops would indicate that if lower inductions had been used 
the permeability would have first increased with the temperature 
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in both ruses. Both sets of exjieriments show that the tempera- 
Btre may he held constant tor an hour nr more at a time during 
the run without appreciably changing the hysteresis loss. 

Cooling Curve.';, A series o! observations made upon sample 
No. 1 as it was coming into the magnetic slate i-. shmvn in Fig. 
fi. 'I’he temperature was fulling slowly while these observations 
were being made atnl as the permeability varies rapidly with 
the temperature during this erilieal period it was apparent, 
that magnetic changes were occurring in the sample while the 
test was being made, so that the value of If for the maximum II 
was not the same at the end as at the beginning of the reversal, 
atnl a true hysteresis loop could not be plotted. An at- 



I*' Hi, f> 


tempt, was made, however, to correct approximately for 
this in the second set, of observation ; by considering the general 
shape of the curve, from which it appeared that the induction 
at., start was about, A>00 lines. This would mean that about, 
11:50 li,u ' s were added to the circuit during the observations 
through change in temperature. ' Assuming that, this change 
occurred fairly uniformly with the time, each observation 
may he correct,ed to. show the approximate induction which 
would have existed with constant temperature by multiplying 
14.50 by the ratio of the time from the start, to the time of the 
entire, reversal and subtracting this from the observed value of B. 
In this way a complete loop, us shown in broken lines in Fig. (>, 
was obtained. 
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Little importance could be attached to a single set of obser¬ 
vations corrected in this way except as they are confirmed by tests 
upon sample No. 2. In this case the temperature fell very slowly 
and the time required for taking the observations for 
one reversal was about one minute, so that the slight 
changes occurring in the magnetic state during the reversal could 
not materially alter the shape of the hysteresis loop. Three 
such loops are shown in Fig. 7 and it is seen that they have much 
the same character as the loop shown in Fig. 6. The 



difference in the character of the reversal during heating and 
cooling is well illustrated by comparison with the dotted, line 
which reproduces in the proper scale the last reversal wit rising 
temperature as shown in Fig. 5. When the temperature fell to 
735 deg. cent, the loops became normal. The writer regrets that 
he has been unable to make further investigations to verffy 
these observations, for if these figures represent true magnetic 
cycles they show a peculiar molecular condition for the materia 
near the critical temperature. 
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Critical Temperature. In the earlier experiments with alter¬ 
nating current the temperature at which the material became 
non-magnetic was quite clearly defined, but in these tests with 
a sensitive galvanometer it was possible to detect a trace of 
magnetism in both samples eight or ten degrees above the tem¬ 
perature at which the induction ceased to be measurable. With 
alternating current it appeared that the material returned to 
magnetic state at the same temperature as it became non-mag¬ 
netic, while in these later tests, at the lowest measurable induc¬ 
tion the temperature was about 10 deg. lower upon cooling than 
for the same induction and magnetizing force with rising tem¬ 
perature. Such differences may be due to lack of uniform 
temperature throughout the sample in every case, or possibly 
the continued application of an alternating magnetizing force may 
assist the material in regaining its magnetic properties. This point 
was investigated further with sample No. 2 by maintaining a con¬ 
stant magnetizing current in the primary while the material was 
passing through the critical temperature during both heating and 
cooling. As the induction fell, through the loss in permeability, an 
e.m.f. was generated in the secondary which could be observed with 
the galvanometer. In order to get a measurable deflection under 
such conditions it was necessary to remove the external resistance 
from the galvanometer circuit and the leakage between the pri¬ 
mary and secondary circuits then caused a deflection of several 
millimeters in the galvanometer, and it was not possible to sharply 
define the point at which the' galvanometer deflection became 
zero due to the reduction of the permeability of the sample to 
unity, but with rising temperature, this occurred at approxi¬ 
mately 750 deg. cent, and with falling temperature a reversal in 
the galvanometer deflection, indicating a rising permeability, 
could first be detected at 740 deg. cent. The maximum deflec¬ 
tion corresponding to the point at which the permeability changed 
most quickly with the temperature occurred at 745 deg. cent, 
with rising temperature and 715 deg. cent, with falling tempera¬ 
ture. This experiment is of further interest in showing a new, 
though scarcely a commercial, method, of producing an e.m.f. by 
magnetic induction in which there is no movement of conduct¬ 
ors in the magnetic field nor change in magnetizing current. For 
if a continuous current is maintained in the primary circuit and 
the temperatures are successively raised and lowered through the 
critical point an alternating e.m.f. will be produced in the 
secondary. . 
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At temperatures below the critical point the magnetic charac¬ 
teristics during heating and cooling soon coincide. In ig- 1 
is seen that sample No. 2 has practically the same pemeability 
for rising temperature at 745 deg. cent, as for falling at 739 deg. 
cent. At 725 deg. cent, no difference in either permeability or 
character of loop could be detected. 
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Discussion on “ The Use oe Reactance in Transformers 99 
(Moody) and “ The Effect of Temperature upon the 
Hysteresis Loss in Sheet Steel” (MacLaren). New 
York, October 11, 1912. 

Philip Torchio: Mr. Moody states that outside reactances 
are equally effective and in practise superior to reactance within 
the transformer. Different attempts have been made to obtain 
a design of such reactances that would give the best results as to 
economy and safety, and also meet with the operation and in¬ 
stallation requirements in stations. Mr. Moody gives in Figs. 
4 and 5 views of a drum-wound reactance of large capacity. I 
desire to describe a design of reactance which has certain im¬ 
portant features that might be of interest to the Institute mem¬ 
bers. 

These characteristic features' are: 

1. The adoption of the pancake winding instead of the drum 
winding. 

2. The adoption of an enclosed case and supports of fireproof 
and insulating materials throughout. 

By means of these two features several marked advantages 
are obtained. 

The pancake-wound coil can be designed more efficiently, and 
for the same floor space, of considerably less height than an 
equivalent drum-wound reactance. This is due to the fact that 
windings and layers can be placed closer together for the same 
potential gradient between layers. It is also a well known fact 
that for the same outside diameter, the shorter the coil the greater 
the reactance for a given number of turns. These two facts 
combined make the drum-wound coil, for approximately the 
same per cent reactance and the same floor space, about twice as 
high as an equivalent pancake-wound coil. This causes a greater 
leakage of flux, which creates a greater tendency to eddy current 
losses and requires a greater length of conductor and consequently 
more heating and losses. 

The adoption of a coil with porcelain supports and self-en¬ 
closed in a case made up of fireproof and insulating materials 
gi\ es a greater factor of safetv and other obvious practical ad¬ 
vantages to the user. 

These self-enclosed, self-cooled feactances are built of hori¬ 
zontally wound spirals supported and insulated by porcelain 
arms with suitable recesses for the windings; the arms are as¬ 
sembled radially as vertical walls between a center core of alberenc 
stone and outer enclosing wall built up of special porcelain seg¬ 
ments. _ These cellular compartments as formed allow natural 
ventilation for the coil. The whole is supported at the two ends 
by heavy concrete headers, securely fastened to the wall by a 
senes of brass bolts passing through the heads and the special . 
porcelain segments from top to bottom. Ventilating holes cro- 
respond with each vertical cellular compartment of the coils. 
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The heating is very small and considerably less than the heat¬ 
ing of the generator itself, which w r as accomplished by a special 
treatment and design of the stranded conductors. These con¬ 
ductors are also insulated throughout to prevent short circuits 
from foreign objects falling or being drawn into the coil. Each 
coil is tested to ground at five times the working potential. 

Figs. 1 and 2 show the separate pieces and an assembly section 
of the different insulating materials for encasing the coil. Fig. 8 
shows a top view of a coil under construction, showing the way 
the winding is laid in the porcelain arms. The brass rods are 
insulated by mica tubes throughout their length. Fig. 4 is a 
photograph of a set of three coils in service. The coils are rest¬ 
ing upon eight small concrete pillars and insulators to allow air 
space for natural ventilation. The over-all dimensions are 59 in. 
(1.5 m.) in diameter and 55 in. (1.4 m.) in height. The winding 
inside the case is 45 in. (1.14 m.) diameter and the height over 
copper is 30 in. (0.76 m.) 

The same design is used for different sizes of generators and 
different frequencies, the only _ changes required being in the 
number, size and shape of slots in the radial arms, and the num¬ 
ber of layers assembled in one coil. 

The following table gives the constants of a set of reactances 
operating on three 20,000-kw., 6600-volt, 25-cycle generators in¬ 
stalled by the New York Edison Company. The table also 
gives the results for the same coil at 62| cycles; the latter to be 
used for a sectionalizing bus reactance in a large station. 


Number of turns. 

Reactance in ohms. 

Reactance in per cent. 

Equivalent resistance. 

Ohmic resistance. 

Calculated a-c. resistance. 

Current.. 

I 2 R losses. 

Foucault losses. 

Total losses... 

Temperature rise full load 3 hours 


62$ Cycles 
34. 

0.227 

10.4 per cent 
0.00254 
0.00197 
0.00215 

1750. amps. 

6.57 kw. per coil 

1.17 kw. per coil 

7.81 kw. per coil 

43.7 deg. cent. 


25 Cycles 
34. 

0.0914 
4.2 per cent 
0.00204 
0.00195 
0.00198 

1750. amps. 

6.05 kw. per coil 

0.1S6 kw. per coil 

6.236 kw. per coll 

33. deg. cent. 


t W Chubb (by letter): Professor MacLaren’s paper is cer- 
tatliL vhXKdditioi to the general knowledge of the n.- 
fluence of heat upon the magnetic pr'opertieso:start st eeh 3Such 

. The pa r^ ioss and 

because it showed that tne la „ „ ame at all temperatures. 

magnetic induction was practical y nrobably affected the 

The suggestion made P th e paper under dis- 

change in loss has been covere y Y t JW era ture, as a 

cussion, but the relation between 1° ? t00 Evolved, and 

function of rate of temperature > d by a few tests 

depends upon too many variables, to be disclosed oy 
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on a few samples of steel. The general trend of the curve is 
shown by the tests and some very interesting points have been 
brought out because the author not only gives results of the 
hysteresis or loop area, but has given the actual loops and thereby 
shown the relation between permeability and temperature. The 
changes in shape of the hysteresis loops and the odd shapes at the 
magnetic-point are very interesting. 

In the work with which I have been connected, a limited 
number of experiments were made to find the effect, of rate of 
change of temperature upon the loss at different temperatures, 
and to determine if any great change in the cycle of temperature 
would have its effect upon the losses. The results were too vari¬ 
able to be of value and it was necessary to study only the effect 
of the heat cycle upon the losses at atmospheric temperatures 
before and after heating. This of course is the familiar problem 
of annealing. Within certain limits of temperatures the rate of 
change in temperature has the opposite effect upon the instan¬ 
taneous value of the loss. A pause in temperature at st mie values 
will have no effect on the loss, at others it will raise such loss, and 
at others it will lower the loss. Tests show that although such 
holding of temperature may not change the loss at the given 
temperature it will change the loss at other temperatures. Also 
at certain points a pause in temperature that will appreciably 
age the steel at the given point while held constant will cause a 
lowering of the intrinsic loss at other temperatures, other parts 
of the temperature cycle being the same. 

The study of temperature cycles on the final losses at tem¬ 
peratures at which laminated cores operate is of the greatest 
importance and it is this study which will probably result in the 
greatest improvements in sheet steel in the near future. 

The arrangement of samples which was used under test may be 
of interest. The first tests were made upon small shell-type 
punchings built into coils of asbestos-covered wire. The results 
were not accurate but were relative. The later tests were made 
by placing a ring sample around the leg of a large transformer 
core and heating it as a short-circuited secondary. The sample 
was taped with several layers of asbestos tape and wound with a 
primary and secondary of asbestos-covered wire. The tem¬ 
perature of the ring sample was very uniform and could easily 
be controlled by variation of flux in’the transformer core. The 
sample was so well heat-insulated that the windings were rel¬ 
atively cool and gave no oxidation trouble. The "wattmeter 
method was used in both cases. 

Professor MacLaren’s loops are certainly a recommendation 
for the method of “ slow reversals ” and the points plotted seem 
to show great accuracy. I believe that the results are worthy of 
careful analysis and that it is to be regretted that all of the loops 
were not reproduced in the paper so that the progressive changes 
m magnetizing components could be followed. 

C. A. Adams: Mr. Moody's very interesting and instructive 
paper illustrates a not uncommon experience in the development 
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of electrical plant and apparatus; namely, that when a certain 
size is reached, qualities which for smaller sizes were considered 
as objectionable and the reduction of which was considered of 
sufficient moment to warrant the partial sacrifice of other de¬ 
sirable qualities, pass through a critical stage and we suddenly 
find ourselves straining other points in design in order to in¬ 
crease this erstwhile objectionable feature. 

The reason for this is usually the appearance of a new limita¬ 
tion,, such as that of mechanical strength in the present instance. 
But why should this limitation appear in large rather than in 
small sizes, since the short-circuit current of a transformer in 
terms of its full load current, does not increase considerably with 
size beyond a comparatively low limit? Here is an inter¬ 
esting illustration of the operation of one of those laws con¬ 
necting the quality of a physical organism or piece of apparatus 
with its linear dimensions. A large piece of stone will fall through 
the air without feeling appreciably the atmospheric resistance, 
but a sufficiently small piece of the same stone will float in the 
same air as a dust particle, because the weight decreases as the 
cube and the friction surface as the square of a linear dimension. 
A flea can jump hundreds of times his own length, but an elephant 
can’t jump at all, because weight increases as the cube and 
muscle cross-section only as the square of a linear dimension. 
Numerous other illustrations of the most fundamental nature 
could be provided to explain other limitations and critical 
values. 

The connection between the relative mechanical strength of 
a transformer coil under short-circuit and the size of the trans¬ 
former, is not quite so obvious; but as it may be of interest to 
many here, I will attempt to explain it briefly. 

Imagine every linear dimension of a transformer to be increased 
in a certain ratio, the current density in the copper. and flux 
density in the core remaining the same; the cross-section of the 
magnetic leakage path will increase as the square, its length as 
the first power, and therefore its permanence as the first power 
of the linear increase. The current linked with this path will 
increase as the square and therefore the flux as the cube. The 
useful flux will increase as the square; therefore the per cent 
leakage flux and the per cent reactance will increase as the first 
power. To avoid this increase a larger number of interlacings 
between the primary and secondary coils is ordinarily employed 
in the larger sizes. . 

Assume first that the number of interfacings is not changed. 
The leakage flux density will increase as the first power, the cur¬ 
rent as the square, the length of current path as the first power, 
and the mechanical reaction of the two on each other as the fourth 
power of the linear dimension. Moreover the length of the coil 
extension and thus the lever arm of this force will increase as the 
first power, and the moment of the force about the coil support as 
the fifth power. 
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If the coil section were solid in each case, the moment of inertia 
of its cross-section and its stiffness would increase as the fourth 
power, and therefore its relative stiffness inversely as the first 
power. But if the coil is built up of wire, the linear dimension 
of whose cross-section does not increase as much as the linear 
dimension of the transformer, the stiffness will increase by less 
than the fourth power, and the relative strength be still less 
than inversely as the first power. 

Assume now that for purposes of ventilation, the coils are 
kept at the same thickness, and that in order to keep down the 
reactance, the interlacings between the primary and secondary 
coils increases as the linear dimension. This approaches ap¬ 
proximately to common practise. Then the leakage flux density 
will be the same, the current in a single coil will increase as the 
first power of the linear increase, the length of the current path 
as the first power, and the lever arm as the first power. Thus 
the bending moment will increase as the cube. But as the stiff¬ 
ness will increase as the first power only, the relative strength 
will be inversely as the square of the linear increase. 

If, in order to increase the reactance, n of these same primary 
coils be grouped together in place of being interlaced with sec¬ 
ondary coils, but are separated from each other for ventilation 
purposes, the density of the leakage flux adjacent to the outside 

coil will be n times as great and thus the relative strength ™ 

times as great as for the completely interlaced arrangement of 
the same coils and the same short-circuit current; but the latter 
will be much less owing to the n 2 times as much reactance. 

With the common method of construction there is thus a limit 
of size beyond which extraordinary methods of coil support, 
or some form of current limiting reactance, must be employed. 

David B. Rushmore: The very interesting subject brought 
up by Mr. Moody, is, I think, indicative of one of the critical 
changes that are taking place in electrical development. In 
much of our historical work we alter and improve by very slow 
methods up to a certain point, and then we are apt to make very 
radical changes. _ As we all know, in the small apparatus which 
we have been using there was sufficient inherent reactance to 
furnish the desirable characteristics; but the very large power 
stations of the present day have brought into play such large 
concentrations of energy that the destructive effects arc no 
longer controlled by the natural characteristics of the apparatus, 
and we have had to introduce artificially into such machines and 
into such systems qualities which previously we bent all our efforts 
towards keeping out. 

When we think of what reactance is and why we introduce it, 
in general terms, or why we do not want it and why we have got 
to have^ it, the thought comes to us that reactance is comparable 
to inertia. In other words, it introduces inertia into electrical 
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movement. It introduces into inertia a capacity for the storage 
of energy and also a capacity for the reflection of wave motion. 
Reactance is used in some places for one reason, and in other 
places for still another reason. The tremendous mechanical 
force brought into play by the short-circuit current, and especial¬ 
ly the instantaneous short-circuit currents of apparatus and in¬ 
stallation, is so great that it has to be lowered in some artificial 
way. 

In introducing the reactance into machines, speaking now 
especially of the subject of alternators, we are confronted with 
the fact that in all designing a compromise has to be made. 
The desirable qualities of reaction when put into a machine 
introduce certain undesirable features of bad regulation, and also 
the fact that practically all voltage fluctuations that we get are 
across reactance. I shall always feel indebted to Prof. Rosa for 
an article which he wrote years ago, which expounded to my 
youthful mind how we could neutralize capacity in reactance 
and what actually happened. 

Introducing reactance into transformers also introduces the 
possibility of a very serious rise of potential, especially with 
high-frequency currents. These are naturally, guarded against 
in other ways, but still this is the reason why in generators, for 
example, it is one of a number of points which make it desirable 
to put the reactance outside of the machine rather than to intro¬ 
duce it all into the armature, and in that way sacrificing other 
qualities of manufacture, repair, and conditions of operation. 
Introducing it into the transformer, as Mr. Moody has explained, 
does not protect the transformer itself; and the reactance is now 
finding a considerably wider application in busbars, together 
with its introduction into machines. 

Reactance is also used—and very likely in the future will be 
used to a much larger extent still—for another purpose which has 
been mentioned, namely, that of protection against high-fre¬ 
quency and high-voltage disturbances. A. person naturally 
wonders why iron is not used with current-limiting reactances. 
Naturally one would think that it would be very much more 
efficient and thus reduce the size of the coils. The densities, 
however, that are employed, are so great that iron is of no bene¬ 
fit. It is quite startling when you think of magnetizing the sur¬ 


rounding air. 

While it is rather difficult to add much that, is new to the 
discussion without entering the field of speculation, I think it 
can well be said that the use of reactance. both for current- 
limiting devices and self-protecting devices is undoubtedly o 
increase much in the future. It is one of the refinements of the 
art which is going to be studied; it is a.new refinement of analysis, 
and I think the work of the engineer in the future is going, o e 
very largely concerned with the proper use and applica ion o 

SU W. r< M?McConahey (by letter): Mr Moody’s papens very 
timely as it deals with a phase of transformer design that isot 
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great importance in large power transformers and, generally 
speaking, is but imperfectly understood. 

Low reactance has been considered desirable because of the 
good regulation it gives on inductive load. With large power 
transformers this is unimportant. What is of great importance, 
however, is that the reactance be of such a value that, the mechan¬ 
ical stresses on short circuit will not be such as to make it difficult 
to prevent damage to the windings. There is a widespread im¬ 
pression that merely changing the design so as to increase the 
reactance will reduce the short-circuit st resses. This is true only 
within limits and in some cases an increase in the reactance will 
actually increase the stresses. 

Formula (I) of Mr. Moody’s paper shows the elements that 
enter in to determine the reactance of a transformer and formula 
(III) shows those that enter in to determine tin* short-circuit 
stress:s, the current in the latter ease being that which Hows on 
short circuit and which is determined by the impedance of the 
transformer. An inspection of these formulas shows that prac¬ 
tically the same elements enter into both, thus indicating the 
close relation between reactance and short-circuit, stresses. 

In large transformers of 50 or 00 cycles, part ieularly if they are 
for high voltage, it is not difficult so to proportion t he design that 
they will stand up successfully under the most severejshort circuit 
conditions. For 25 cycles the problem is much more difficult 
and if the voltage is comparatively low, the difficulties are still 
further increased. However, by careful designing and t he use of 
substantial mechanical construction, satisfactory low-frequency 
transformers can be built in moderate sizes without resorting to 
any special form of construction or the use of outside protective 
reactances, but in very large sizes, one of these special methods 
of protecting the windings against excessive mechanical stress 
may have to be employed. 

As stated by Mr. Moody, in a, 2:1 auto-transformer the effect 
of the reactance is reduced by one-half. In a recent ease in¬ 
volving the design of some 2:1 auto-transformers for railway 
service, the short-circuit stresses were found to be so heavy that 
it was deemed advisable to reduce them by a mechanical separa¬ 
tion of the primary and secondary parts of the winding. This 
of course increased the cost of the transformer, but it is cheaper 
than supplying outside reactances, which in this case would not 
have been acceptable. 

Exceedingly low reactance, giving very dost* regulation on 
inductive load, not only makes it difficult to brace the coils 
securely but it also increases the cost. 

The scheme of placing strips of laminated iron between the 
primary and secondary coils in order to increase the leakage flux 
and thus secure high reactance in transformers, particularly 
for operating synchronous converters, is one that the writer tried 
out as far back as 1899 and has used many times since wit h entire 
success. I cannot quite agree with Mr. Moody that by this 
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scheme “ the copper will be entirely shielded from eddy currents 5 ’ 
because there will be leakage dux inside the coils themselves as 
well as in the space occupied by the laminated iron, and there 
will also be a fringing flux cutting into the coils around the air 
gaps in the iron. These fluxes will have an appreciable effect in 
producing eddy currents in the copper. With this scheme, how¬ 
ever, high reactance can be secured with much less eddy current 
loss than with the ordinary type of design, because a compara¬ 
tively small number of turns can be used in the windings, thus 
securing a low magnetomotive force and consequently a weak 
leakage field through the windings. 

Charles F. Scott: Mr. Moody’s paper presents the subject 
in a simple, clear and analytical way, and the author has made 
himself understood without very many differential equations. 

In placing the iron shunts between the coils, he says that they 
can be used to modify the regulation of the transformer up to 
say 50 per cent overload, but that this is not a remedy for ex¬ 
cessive current on short circuit. 

In this connection I have been looking at Fig. 3, showing the 
cross-section of the transformer, and have been trying to imagine 
what the probable effect would be with a current on short cir¬ 
cuit. As I understand the situation it is that as current is in¬ 
creased above normal the reactance continues to be very high 
until the saturation of the shunt prevents its becoming propor¬ 
tionately greater, so that the transformer on short circuit would 
probably give, say, three-quarters of the current that it would 
without the shunts. In order to make the shunts fully effective 
under conditions of short circuit it would be necessary to make 
them pretty large. If that were done in Fig. 3, the shunts would 
present a total area equal to a large fraction of the area of the 
main core of the transformer, which would introduce a number 
of difficulties and complications. 

Prof. MacLaren’s Fig. 1, in which he shows a ring with a pri¬ 
mary and a secondary coil around it, leads me to remember 
that some seventeen or eighteen years ago he and I were associ¬ 
ated together in some work of this kind. The diagram here 
represents very nearly the conditions which we had then. Our 
ring was some four in. (10 cm.) thick, something like five ft. 
(1.5 m.) high, and about 12 ft. (3.6 m.) in diameter. It was one 
of the large nickel steel rings used on the first of the Niagara 
generators. The interesting feature was that we got away from a 
delicate fiber suspension galvanometer, and could maintain a 
constant reading on a voltmeter, of a volt or two, for some time 
while the current through the primary was increased, lndee , 
it was increased at such a rate as to keep the reading °n tne 
secondary constant. As I recall it now, a period of somet mg 
like ten minutes could be occupied in keeping a constant voltage 
on the secondary by slowly increasing the current flowing around 

Hobart: Years ago we used to make alternators and 
transformers less satisfactory and more expensive t an ey 
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otherwise need have been in order to keep the reactance very 
low. The present tendency is perhaps to make them still less 
satisfactory and more expensive than they otherwise need be in 
order to make the reactance somewhat higher than would con¬ 
form to their natural characteristics. 

My own opinion is that when we try to give a transformer or 
an alternator a high internal reactance, the result is a bad trans¬ 
former or a bad alternator and a bad reactance , and 1 think that 
generally the best economic solution of the problem is to make the 
transformer as good as it can possibly be from all standpoints and 
then if we need further reactance, put in a reactance as a separate 
external item. That seems to me to be substantially the con¬ 
clusion at which Mr. Moody arrives, and I should be interested 
in hearing his comment on this summing up of the situation. 
Of course, as Mr. Moodv has pointed out, the natural reactance 
will be higher, the higher the voltage of the transformer, and in 
the case of very high voltage transformers a considerable pro¬ 
portion of the desired reactance can be obtained in the trans¬ 
former itself, without sacrifice of other characteristics. But the 
point to be emphasized, as it seems to me, is that we should de¬ 
sign a transformer from the standpoint of heating and efficiency 
and mechanical strength, and let the reactance come whatever 
it will, and then put whatever further reactance we desire, 
outside of the transformer.. The introduction of iron to increase 
reactance is a more undesirable means than it would appear at 
first thought. We usually estimate the efficiency T of transform¬ 
ers or of alternators by summing up the segregated losses, and 
we do not take into account the so-called “ parasitic ” losses 
which we have at full load. These “ parasitic ” losses are liable 
to be considerably increased if we employ magnetic material in 
the leakage paths. Moreover the increased reactance obtained 
by the employment of magnetic material in this, way, while 
present at moderate loads when we do not require it, (when, in 
fact, it is very undesirable), is not present to any appreciable 
extent under the conditions of short-circuit. This is because, for 
the enormous magnetomotive forces present in the leakage mag¬ 
netic circuit at short-circuit, the .permeability of iron is scarcely 
in excess of unity, the permeability of air. 

M. V. Ayres: " I would like to say a few words in regard to Mr. 
Moody’s paper, more from the point of view of the designer of 
the substation than of the designer of the transformer. I would 
take issue with the last speaker in regard to the desirability of 
designing a transformer and then putting the reactance outside. 
It seems to me that in the case of the railway substation, where 
reactance is required for voltage regulation, the method of put¬ 
ting the reactance inside of the transformer fills a long-felt want. 
A separate reactance for the purpose is a great deal of a nuisance 
from the point of view of building and equipping a substation. It 
practically takes up a great deal more room then its mere floor 
area would seem to indicate, and requires arrangement and ad- 
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justment of other apparatus just on account of finding the space 
to put the reactance; and the wiring of the secondary is always 
rather awkward on account of the very heavy conductor used. 
Of course, it is true that the transformer with the reactance 
feature would not have as good efficiency at full load, but it 
would seem probable that it would have as good efficiency at full 
load as a transformer plus a separate reactance coil. If so, that is 
a sufficient answer to that objection. 

As to the use of reactance in transformers for very high voltage 
circuits and in installations of very large kilowatt capacity, I do 
not feel able to speak definitely. I only wanted to make the 
point that for railway substations where reactance is required 
for voltage.regulation, it seems to me that this would be a very 
great step in advance. 

W1 S. Moody: I am afraid that I was not very logical, in 
view of the title of my paper, in referring at all to these external 
reactances, and without cuts or illustrations it will be diffi cult 
for me to describe in detail any of the types that have been con¬ 
structed. 

Just what form it is best to use in a given case depends upon 
very many factors—the current that you have to handle, the 
voltage, whether they must be transported, and so forth. As 
yet there has not been much opportunity to test the relative 
advantages, for fortunately, short circuits do not occur every 
day, and so as yet we cannot say whether one form or an other 
form will stand up best under such strains. It is well that more 
than one form is being tried out, and I hope that some tim e in 
the near future we will have enough data to show what particular 
form is the best for average conditions. 

In the communication read from Mr. McConahey he pointed 
out something in my paper that was not stated as clearly as 
it should have. been. He states that the magnetic shunts in 
transformers will not necessarily protect the windings from any 
eddy currents that would result from the flux passing through. 
I had reference in my remarks entirely to the extra flux that is 
created by the presence of iron. It is easy to see that the trans¬ 
former must be designed so that if the iron was not there the flux 
would be sufficiently low so as to cause no appreciable eddy in the 
conductors. If that is so, then the addition of the shunts will 
create a much greater flux, and that additional flux will not cut 
through the copper, as the flux densitv in the air and the copper 
will remain constant, because the magnetomotive force causing 
them remains constant. 

The reason, why iron, cannot be used advantageously in devices 
designed to limit current on short circuit is simply because you 
have in a large transformer, even when the primary and second¬ 
ary are well subdivided, ampere turns enough so that you would 
over-saturate the iron, unless so large a cross-section be provided 
as to give too much reactance at time of normal load. Similarly 
in these current-limiting reactances that are external to the trans- 
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formers, for, under the conditions of short circuit, the flux in the 
air is well above the saturation point of iron. So there would 
be practically no greater flux there if iron were present. t 

Ralph D. Mershcn: Are the concrete forms, that you wind 

the resistance on, reinforced? i A . , 

W. S. Moody: No. We have never felt that .it was sate 
to reinforce them, as iron or any other metal that might be used 
to reinforce them might heat sufficiently from eddy currents to 
crack the cement. 

Ralph D. Mershon: How do you insulate the coils on the 
concrete form? 

W. S. Moody: The conductors are bare and insulated by 
treated wood, with asbestos as a heat insulation between the con¬ 
ductor and wood. - j. T i 4 . 1 

Malco lm Mac Laren : The only comment that I have to make 
is to emphasize what Mr. Chubb said about the extreme sensibil¬ 
ity of steel to its heat treatment. Different samples taken from 
the same consignment may show widely different loss character¬ 
istics, if subjected to slightly different treatment, and the laws 
which govern the various factors entering into the problem are so 
complicated that it will probably be necessary to gather a great 

many additional data before any systematic attempt can be made 
to generalize on the subject. 

W. L. Waters (communicated after adjournment): Mr. 
Moody’s paper gives a complete resume of the present state of 
transformer design as affected by the presence of internal react¬ 
ance. It is also interesting as indicating how early engineers 
understood the effect of reactances on the operation of transform¬ 
ers. The explanation • given by Mr. S. Z. de Ferranti of the 
effect of internal self-induction in limiting the secondary current 
and influencing the regulation of a transformer is practically as 
complete as that given by Mr. Moody. Mr. Ferranti’s explana¬ 
tion was given 20 years ago when he installed his first constant- 
current arc lighting transformer operated by the magnetic re¬ 
pulsion of the primary and secondary windings, this transformer 
being almost an exact duplicate of the series arc lighting trans¬ 
former as used today. The development of distribution. sys¬ 
tems involving the'parallel connection of transformers on a.light¬ 
ing network resulted in engineers reducing the self-induction of 
transformers to a minimum, in order to improve the regulation; 
and as Mr. Moody points out, it was only when synchronous 
converters came into extensive use—about 15 .years ago—-that 
it was recognized that the presence of self-induction in the circuit 
had other uses than that of producing a constant secondary cur¬ 
rent for arc lighting work. On account of the existence of patents 
covering the use of a special external reactance coil to obtain auto¬ 
matic compounding with a synchronous converter, the writer, 
together with other engineers of the smaller manufacturing com¬ 
panies, considered the possibility of building transformers.with a 
high internal self-induction. It was soon found that with the 
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comparatively small transformers then being used with con¬ 
verters, practically the only disadvantage of placing the required 
self-induction m the transformer itself, rather than in the sepa¬ 
rate external coil, was that it became impossible toad just the 
vaiue of the reactance after installation. The transformers 
with high internal reactance were somewhat cheaper, and the 
over-all efficiency was about the same, as the increased eddy 
currents mentioned by Mr. Moody were offset by the reduc¬ 
tion m the weight of iron in the transformer due to the modi¬ 
fied arrangement of the coils, and by the absence of any losses in 
an external reactance coil. A large number of such high-reactance 
transformers was built and operated satisfactorily with syn¬ 
chronous converters, and it is only recently, when heavy com- 
. pounding lias been required in connection with, large transform- 
ers, that the external reactance coil has again become a necessity 
The use of internal or external reactance for limiting the sec- 
ondary current in a transformer on short circuit is merely a natural 
development of the Ferranti principle, which is now found to be 
advantageous on account of the increased size of power systems; 
and I think one of the most interesting features in Mr. Mbody ? s 
paper is that it indicates how early the theory and principles of 
transformer design and operation were thoroughly understood. 
The great advance in transformer design and manufacture during 
the past 20 years has been in the details of construction and in 
the improved methods of manufacture which have made trans¬ 
formers for high voltage and large capacity a commercial possi¬ 
bility. 

M._ G. Lloyd (communicated after adjournment): The 
especial value of Professor MacLaren’s paper lies in the fact that 
the observations have been carried up to the critical temperature, 
since the measurements of magnetic hysteresis with varying tern- 
peratures have been comparatively few and most of these have 
not been extended to so high a temperature. A large number of 
measurements have been made upon permeability, however, show¬ 
ing that iron and steel lose their ferromagnetic quality at this tem¬ 
perature, and that the hysteresis must therefore disappear at 
this point. 

The results obtained by Professor MacLaren are quite similar 
oaa S j °^ a ^ ne< ^ by Kunz 1 , who in 1894 made experiments up 
to 800 deg. cent, with specimens in the form of long thin wires, 
the measurements being made by the magnetometric method. 
He made use of several varieties of soft iron and of steel, and one 
specimen of nickel.^ The results with soft iron showed a decrease 
of hysteresis with increasing temperature, the curve plotted be¬ 
tween these quantities being a straight line. Very nearly the 
same result was obtained with steel when the temperature cycle 
was repeated often enough to obtain constant values. With nickel 
the hysteresis fell off rapidly at first with increasing temperature, 
and afterward decreased more slowly. A s the author has made 

1. W. Kunz, E. T. Z., XV, 194 (1894.) 
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no reference to anv of the previous work on this subject it may he 
of interest to note'sonie of the other experiments which have been 

made. „ ... . , . , . 

Wills- found similar eitects with iron and tungsten shad, and 
Thiessen 3 observed the same general trend tor several materials 
between minus 70 deg. and plus 100 deg. Some of their results 
are shown in the* iollowing table. 


I 2 FFBC 

T OF TEN! PICK 

vruan ON 

HVSTKR ESiS 



i 


Erg:; per en 


" .. ! 

Author- 

Material 

timin' 

1 “C 

mhc 

;;uo 

SOU'* j 

7 on 0 j 

i t y 


toon 

inso 

07 *» 

♦ ,H.. 

too ! 

2 AO | 

war, 

Iron 

(Hioo 

22 UU 

2200 

1 t »t 1 



Wills 

Tungsten steel ( 4 ..V, ) 

2000 

0200 

soon 

SM'iU 

7 * **» 


Wills 

Tungsten steel 11 t ) 

r»ooo 

1201 HI 

117 tit* 

SUt HI 

37 m* 


Will:. } 



7 »* ’ 

a** 1 ’ 

j * H P 



Soft wrought iron 

‘!umi 

CM 

;m7 

a as 


T!lir:.t*ii*U | 
S... ■ i 

Soft wrought iron 

sum* 

: i 72 o 

nss* 

is;h* 



; 1 hu::i:ii*n 

Soft wrought, iron 

lOIHltt 

SUTo 

OHIO 

-own 



iThiessen | 



} 

17 ° 




S { 

(.h'eseeUt tool ot i i *1 

117**0 

1 

;Usso 

,* 01.00 


j 

i i 

IThiessen i 

i ! 


i 

yrcP 

v\" 

IMH 


j 

i | 

INirkrl :-t*’«*! I.V , 1 

i 

j 1 0 * 0*1 

; isuTi * 

IlMill 

307 mm 



:Thiev,en ! 


The. work of 1 loudaandShimbmd reaehiur. d»m n to the tempera¬ 
ture of liquid air, is perhaps the most illumination which lias bean 
done on this subject. Thev found that upon eooliuty Swedish 
iron tile hysteresis decreases tor low I lux dmi-Tao., Ian. not eases 
for In oil llux densities, and tunysten steel behaved in the same 
ways In nickel and eobab , the hyxteresi ; w a ; always increased 
by e<ioling. A research by \\Tyy*merwhnw';d ha! low carbon steel 
behaves as stated above for inuu while hi d* earb at 4.eel behaves 
like nickel and eobab. The change was h m * tor a r 4.eel euutahy 
tug 1.1 per cent earbon. 1 le ab*o turmd t ha* t lie rat in ol hysteresis 
to coercive force was constant for varviny temperature and carv¬ 
ing carbon eon tent. 

The above results apply to hyx 4 ~ere:-.is. with ah eruat my maynetn 
zatiom Experiments in a roiatiny magnetic is Id were made by 
Puller and (trace** and by benders Both sets »»i experiments 
show that tlie maximum hyxtere T. in the rotary belt decreases 
with increasing temperatnr,*, and that this maximum is reached 
2. R. I,. Will's Phil, .Writs. V,. 1IV Ami * 
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with a lower flux density. Thus for iron at 580 deg. this maximum 
occurs at 10,500 gausses, while at temperatures below 340 deg 
it occurs at about 16,000 gausses. Since the saturation value is 
also reduced by increasing the temperature, it was to be expected 
that the hysteresis would decrease to zero for a lower magnetiza¬ 
tion, and this was found to be the case. 

Perrier worked with nickel, magnetite and three kinds of iron 
ana concluded that the ratio of the maximum values of the two 
kinds of hysteresis was characteristic of the material and independ- 
ent of the temperature. 

One of the most recent papers dealing with this subject was 
presented before the recent convention of the International Asso¬ 
ciation for Testing Materials and presented results which had been 
obtained in the chemical laboratory of the Schneider works at 
Creusot. In this case an automatic registration was secured of 
the magnetic flux due to a constant magnetizing field with varia- 
able temperature. These experiments showed not only the critical 
point, mentioned above, at which magnetism disappears, but also 
another critical point between 200 and 300 degrees, at which point 
there is an irregular change in the curve in the case of many of 
the steels used. The changes at this critical point are not re¬ 
versible. The authors connect this critical point with the dis- 
appearance of magnetism from the iron carbide or cementite. 
A highly oxidized steel probably containing occluded gases shows 
in the cold state abnormal hysteresis and coercive force. This 
anomaly disappears at about 250 degrees and appears at a slightly 
lower temperature on cooling. 

I regret to note the misleading statement in the opening para¬ 
graph of this paper, where the author states in reference to the 
paper presented in April, 1911, that “ It was shown that there 
was no apparent change in the law governing the variations of 
the hysteresis loss with the induction for all temperatures from 
atmospheric up to near the point where the steel became non¬ 
magnetic.” In the discussion of that paper it was pointed out 
by both Mr. W. J. Wooldridge and the writer that this statement 
was not justified by the experimental results. 

Malcolm. MacLaren: If Dr. Lloyd will refer to the discussion 
of the author’s paper of April, 1911, he will find that no results 
were presented to show that the law governing the change in 
hysteresis with the induction was affected by the temperature. 
The only point which was raised at that time was whether in the 
case of high silicon steel there should not be a greater variation 
from the 1.6th power law than was shown by the author’s results, 
and it was pointed out at that time that the inconsistencies were 
largely due to the erroneous method which Dr. Lloyd used in 
deriving his exponents. Since the date of that paper the author 
had made further measurements upon the exponential values 
for high silicon steel which show a departure from 1.6 above 
10,000 lines, but there was no indication that a change in tem¬ 
perature would affect these exponential values. 
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POWER REQUIREMENTS OF ROLLING MILLS 


BY WILFRED SYKES 


The increasing use of electric motors for driving the main 
rolls in modern steel works, makes the question of the power 
requirements of rolling mills of considerable importance to the 
industrial engineer engaged in designing such installations. An 
error in judgment due either to inexperience or to lack of accurate 
information, may involve the loss of a large sum of money in the 
installation itself, but what is of still greater importance, is the 
loss that is incurred indirectly, due to the time lost before the 
error can be remedied. 

The subject is one of great complexity due to the various factors 
controlling the power requirements and also to the variation in 
operating conditions in different works. The subject of rolling 
mills is one on which it is hardly possible to obtain reliable infor¬ 
mation from published data and the whole rolling mill practise 
is based upon empirical knowledge gained by experience. Dur¬ 
ing the last few years an attempt has been made in Europe to re¬ 
duce the subject of rolling mill practise to some scientific basis 
but without very great success up to the present time. 

It is not the object of this paper to attempt to give any set of 
rules for determining the correct size and characteristics of 
the motor required for driving any particular mill but rather to in¬ 
dicate the lines along which such problems must be studied and 
to give an idea of the factors controlling the size and equipment re¬ 
quired. To cover the conditions met in modem steel mills would 
require a great deal more space than can be allowed in a paper 
before this Institute, and even with full knowledge of such con¬ 
ditions, considerable judgment is always required in working out 
such problems. 
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One of the most difficult features of this problem is to de¬ 
termine the set of conditions on which to design the equipment, 
for any particular mill, that will coincide with the actual practise. 
It is almost impossible to obtain accurate data, from the men re¬ 
sponsible for the operation of such installations, as to operating 
conditions, on account of the changes that occur in practise after 
the mill has been installed, and for this reason any assumptions 
made when determining the size of machine required for driving 
it, may be altogether wrong in two or three years. A great many 
superintendents are of the opinion that it is impossible to obtain, 
within limits, an equipment too large. This is a mistaken idea, 
but has been based upon past experience which has shown 
that by improvements, mainly in organization, it has been 
possible to increase the output often as much as 100 to 200 
per cent over the original estimate. With our present knowledge 
of rolling conditions and in view of what has been done in the past 
it should be possible to make a reasonable estimate as to how 
much the production of a mill may be increased in the future, 
by improvements in the auxiliary apparatus and organization, 
and this is a factor which must always be considered when 
designing an installation; and it is here that the electrical manu¬ 
facturer must often take the responsibility for assumptions as to 
rolling conditions altogether different from those given by the steel 
mill engineers. Some of our most successful manufacturers of 
rolling mill engines have based their machines upon the size re¬ 
quired to break some part of the mill, so that they are certain that 
the engine would carry any load that could be caused by the mill, 
independently of the method of operation. So long as efficiency 
is not considered and it is not necessary to meet competition as to 
price of the installation, such an arrangement is an ideal one from 
the standpoint of the manufacturer, as there is never any doubt as 
to the operation of his part of the plant, but under the conditions 
now existing in our steel mills, attention must be paid to the ques¬ 
tion of efficiency, and business conditions also necessitate atten¬ 
tion being paid to the price of equipment. 

In the first place it must be pointed out that the size of the 
mill as determined by the size of pinions, or the width and di¬ 
ameter of rolls, has comparatively little to do with the size of 
motor required for driving it, as the work performed by the same 
size mill may vary several hundred per cent. The fundamental 
basis on which the size of motor must be determined, is the pro¬ 
duct of the mill and the tonnage rolled. There are a great many 
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factors entering into the proposition which must be considered, 
and dealing first with the product, the following arc the principal 
in their usual order of importance: 

1. Volume of metal displaced. 

2. Method of displacement. 

Temperature of metal. 

■I. Class of material. 

a. Kate of displacement. 

(». Size of roll. 

'Phis order is not fixed, and the importance of any of the fac¬ 
tor s will vai y with the practise at the particular mill in question. 


Voi.UMK OK MliTAI. Displaced 
It is of the greatest importance to have some method of com¬ 
paring •!»«• a<*tual work done on the metal in various mills and it 
must lie admitted that such a comparison is extremely difficult, 
in comparing various tests, I have used as a unit of work, the 

----v h.p.-seconds required to dis- 

I ™ place one cubic inch of metal. 

j . , , { The displaced volume is ob- 

X . i taim.nl as shown in Fig. 1. 

1 / The area enclosed by the full 

.. t % lines* represents the original 

Vuu M j, length of material with the 

original area A and length L. 
After rolling, the area has been reduced to a and the length in¬ 
creased to /. The shaded portion of the original section, it has 
been assumed, has been displaced so as to correspond with the 
si aided part of the metal after the pass. The displacement in 
practise is of course not as shown, but the illustration will show 
wliaf is meant by displaced volume. From this sketch it is 
obvious that tin* volume displaced is equal to (,A — a) L , If 
the inch is taken as a unit, this formula gives the cubic inches 
displaced, 

This unit of work takes into consideration only .the volume 
displaced in the direction of rolling, and for simple work such as 
rolling plates, blooms, Hats, etc., practically all of the metal is 
displaced in t his way, as t lie displacement at right angles to the di¬ 
rect inn nf rolling is negligible. In cases where the section of the 
pass is completely enclosed by the rolls, there is very often a side 
displacement which this unit does not take into consideration, 
nor is it my opinion that any simple unit of work can provide for 
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this condition, as it is impossible to determine exactly how the 
metal flows. Fig. 2 shows a typical pass when rolling rounds 
from square billets. The full 'line shows-the section after the 
pass, and the dotted line the section before the pass. These sec- 
-tions ..were obtained by cutting pieces from the bar before and 
after the pass. It will be seen that the width of the material 
has been appreciably increased, much more than would be 
natural if the pressure of the rolls were only perpendicular to the 
bars of the metal. 

Attempts have been made to introduce a factor into the com¬ 
parisons that would take this condition into consideration, it 
being considered that the metal covered by the area not shaded 
has not been displaced, but investigations have not yet reached 
the stage that would warrant any statement being made as to 
this method of comparing different passes. The instance given 
in Fig. 2 is a comparatively simple one, but in practise when 
rolling various sections such as angles, channels, rails, etc., this 
side displacement is often made under conditions that make it 
impossible to use anything else but empirical figures. Referring 
to Fig. 5, showing the sections after the various passes when 
rolling rails from billets, it will be seen in the case of pass one 
of the first series, that the metal has been displaced considerably 
to form the basis of the flange. In this case there has been a 
considerable distortion of the metal in addition to the increase 
in the length due to displacement in the direction of rolling, and it 
is obvious that no formula can take into consideration such dis¬ 
tortion, even if an accurate knowledge were available as to the 
way that the metal flows. We have some information available 
as to how metal flows when rolling simple sections such as plates 
or blooms, but, even with this knowledge, theoretical calculations 
do not check up very well with practical test results. Various 
other units of work in addition to the power required to displace 
a cubic inch of metal, have been adopted by different investi¬ 
gators, but they all take into consideration only the displacement 
in the direction of rolling, and from what has been said, it is 
obvious that this is the only basis on which any comparison can 
be made, although it is admittedly open to objection and must be 
used in conjunction" with empirical constants to provide for the 
distortion of the metal in other directions. I have adopted the 
unit of h.p.-seconds per cubic inch displaced as it appears to be 
the most simple and direct basis of comparison. For convenience 
it will be referred to as “ specific power consumption,” or S.P.C. 
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Method of Displacement 

Reference has been made to the side flow of the metal, but it is 
also of the greatest importance to consider how the pressure is 
applied to the material rolled. When the pressure is vertical 
or nearly so, to the surface being rolled, it may be referred to as 
direct pressure and it is obvious that under such conditions 
the power required will be a minimum. When finishing mate! 
nal such as flanged rail or channel, where the pressure is almost 
parallel to the surface being rolled, it is obvious that the actual 
displacement for a given pressure, may be very small. Such 
a condition is illustrated in Fig. 3, which shows the condition ex¬ 
isting when finishing a rail flange and a channel section. Under 
such conditions, it is obvious that the component at right angles 



Fig. 2—Pass Sections Rolling 
Rounds from Billets 



finishing channels 



finishing rail flange 
AA-axis of rolling 


Fig. 3—Examples of Indirect 
Pressure 


to the surface of the metal is very small, and consequently the 
pressure may be very large for a very small amount of work done. 
This condition may be referred to as “ indirect-pressure.” 

In Fig. 4 is shown a number of sections illustrating what is 
meant by “ direct ” and “ indirect pressure,” which will makp 
this point clear. 

Referring to Fig. 5, a comparison is made of the various passes 
when rolling rails, and this figure illustrates the difference in 
practise met with in steel mill work. The second series of sections 
shows that the rolls are designed to have as direct pressure' as 
possible, whereas in the first set of sections, a great deal of the 
work is done by indirect pressure. The first series of sections, 
however, has been laicj out so that the axis of the rail, during 
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the finishing passes, is not parallel to that of the mils and in 
this way the surface of the metal is worked at a more favorable 
angle than in east! of the finishing passes of the second sot of sec- 
tions. It would be reasonable to expert lor such conditions that 
the second set of sections would require less power during the ini¬ 
tial passes, but that the finishing passes would require somewhat 
greater power. '1'his shows to some extent the local problem 
encountered in steel mills. In Kig. t! are shown I w* > met hods of 
rolling channels, and it will be seen that in rolling the second 
set the direct pressure is used as much as possible and it is 
only in the last pass that the actual channel section forms. In 
this puss the volume displaced is negligible, so that, the mill has 

EXAMPLES OF OIHCCT PKCS&UIIE 

~r™~ y - ' t ; 1——f 

«ur“wiiAKbHt.{ ib, ,...S 1 ’ 

PI A 1 ! *.,1 U. v! 

EXAMFLES INTERMEDIATE BETWEEN DIRECT AND INDIRECT PRESSURE 

(.>o^ 

EXAMPLES op INDIRECT phi. 'SURE' 

red 

J**.*.A*****.*.S 1 

V 

Fit. -I 

only to straighten the sides of the channel which has already 
been formed by direct pressure or pressure at favorable angles. 
Those* two examples show Ur* dihoronee in practise in various 
mills and illustrate to sour* extent tin* necessity' ot studying the 
particular couditions in each null 1 R'tofe uttcmpUny, to design 
an equipment for driving tho rolls, I ho questi*»u <4 roll tinning 
has lu*on based in Ur* past, liimv or loss, upon empirical knowl¬ 
edge obtained by the roll turners From actual ex pet ienee, but 
in Europe, somr attempt Isas horn made during the* last low years 
to systematize tin* methods ot reducing the metal tor dilleient 
stations, ami when this is done Ur* problem ot comparing the 
results to ho expected from various mills will ho considerably 
simplified. 
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The pressure on the rolls due to the metal introduces addi¬ 
tional friction, but as this cannot be separated from the power 
actually required to displace the metal, it must be included 
in the specific power consumption. There is often considerable 
friction between the rolls and the metal due to the peripheral 
speeds of various parts of the section being different. On refer¬ 
ring to Fig. 5 it is obvious that the speed of the portion of the 
roll in contact with the web is appreciably greater than that at 
the edge of the flange and therefore as the flange and the web 
are delivered at the same rate, there must be slippage somewhere 




First Series—Pass Sections Rolling Rails 


AREA = 
SC 

:63.64 
.IN. 

— 

> 









AREA= 

AREA —19.36 15.8 SQ.IN. AREA "= AREA = AREA = AREA = AREA— 



Fig. 5 


between the metal and the roll. In cases where a rail flange, 
for instance, is being finished, there is a tendency to move the 
rolls laterally in relation to one another, which may be taken up 
by indirect pressure in the opposite direction or in roll collars, 
in which case the friction is of course increased. As we have no 
way of determining what the friction due to rolling may be, it 
must be included as part of the net rolling work, which is the 
actual input to the mill less the no-load friction. In the author’s 
opinion, it is perfectly legitimate to consider the additional 
friction in the rolls, pinions and spindles as part of the net rolling 
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work, and I do not think we would be any better off if we had 
tests showing exactly how much power each item represented, 
as the problem is so complicated that I doubt if we would be 
able to make more accurate estimates than are now possible, 
although perhaps it might be possible to get along with a smaller 
number of tests. 

Temperature of Metal 

The temperature of the metal plays a very important part in 
the power required for any mill. Tests made indicate that the 
power requirements, all other things being equal, vary practically 
as the tensile strength of the material. There is not a great deal 






NO. T1 NO. 12 

tPiblfnJ 


Pass Section Rolling Channels—First Series 





Pass Section Rolling Channels—Second Series 
Fig. 6 


of information available as to the tensile strength of steel at 
various temperatures and naturally such tests are rather diffi cult 
to make. In Fig. 7 is shown a curve of tensile strength of mild 
steel at various temperatures, this curve being made up from 
information that has been published of tests in the Watertown 
Arsenal and from various European publications, as well as 
from tests made by the writer. The curve varies somewhat 
from others that have been published as to the strength at high 
temperatures, as the tests made by the writer indicate that pre¬ 
vious estimates as to the tensile strength have been too low and 
that, instead of the curve gradually tapering to zero atthemelting 
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point, there is a point somewhere between 1300 and 1400 
deg. fahr. where the tensile strength rapidly decreases. Tests 
made at various temperatures when rolling plates, using only 
direct pressure, so that there are n 0> other disturbing factors, 
indicate that this curve is approximately correct as indicating 
the relation between the power required to displace the metal 
and the temperature. It will be seen from this curve that the 
sti ength increases quite rapidly after the temperature drops 
below about 1400 deg. fahr., so that when rolling thin sheets, 



when tlie metal becomes almost black the power requirements 
increase at a very rapid rate. This curve shows that tensile 
strength about 100 deg. fahr. is about 18 times greater than 
at, 2000 deg. fahr. Tests made when rolling sheets at 2000 deg. 
lahr. and rolling cold, showed a variation in the power consump¬ 
tion per cubic inch displaced varying from 17:1 to 20:1. 

The rate at which metal cools is obviously of the greatest 
importance! and within the usual limits of rolling temperatures 
it may be said that the rate of cooling will be practically pro¬ 
portional to the area exposed in relation to the volume. In 
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Fig. 8 is shown the increase in exposed area of a particular slab 
as the cross-sectional area was reduced; and when the rate of 
cooling is taken into consideration, in conjunction with the curve 
shown in Fig. 7, it is obvious that the power .required to displace 
the metal will increase very rapidly as the cross-section is de¬ 
creased. This will be referred to later when discussing this 
point. 

Class ok Material 

Tests made by the writer and by others indicate that, pro¬ 
viding the temperature is the same, the power required to dis¬ 
place a given volume of metal is practically independent of the 
chemical composition of the steel. This of course applies only 
when rolling metal hot and within the usual rolling temperatures. 



Fit;. K -Sumvist; Inch lank in Fin. 0 Showinu 1ncflask in 

Ark a or Plate with R ijm runs in Relative Sr non ir Power 
Cross'- Section Conm mioton- OojhoRol- 

i t%o Steel Plates 


As the temperature approaches lo(M) deg. fa.hr. the iulluenet* of 
the different chemical composit ions can be noticed, but as metal 
is usually worked, except in the ease of thin sheets or small sec¬ 
tions, between 1800 and 2*100 deg, fahr., it may be said that in 
practise, the composition of the material does not directly in¬ 
fluence the power consumption. Indirectly, however, if has con¬ 
siderable influence, as it is necessary to roll highcarbon steels and 
some alloy steels at comparatively low temperatures, so that 
the power consumption for a given volume of displacement 
may be considerably higher than would be the ease when rolling 
mild steel. 

The density of the steel also has considerable influence upon 
the power requirements, and when rolling ingots, the first one 
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or two passes made require comparatively little power per cubic 
inch displaced, as the steel is more or less porous. After the 
metal has had one or two passes through the rolls, the density 
when hot apparently does not enter further into the question. 
When rolling steel cold, there is a continual increase of the power 
required due to the increased density, and in Fig. 9 is shown a 
typical curve indicating the increase in power requirements as 
the cross-section area is decreased. 

Rate of Displacement 

Although little information is available, there are indications 
that the rate of displacement somewhat affects the power re¬ 
quirements. Tests made by the writer appear to show that a 
low rate of displacement requires less power than if metal is rolled 
quickly. In practise, however, metal is rolled as qui ckl y as it 
can be handled, so that this feature is of comparatively little 
importance. 

Size of Rolls 

Theoretical investigations show that when rolling plates or 
blooms or such sections where direct pressure only is used, the 
size of roll has some effect upon power requirements. Small rolls 
should require somewhat less power than large rolls, but the 
writer has not been able to demonstrate the accuracy of these 
theoretical calculations owing to the great many other factors 
which influence the test results. 

Practical Determination of Motor Size 

The great majority of rolling mills are of the type running 
continuously in one direction, and to equalize the input to the 
motor, flywheels are used. It is of the greatest importance 
to determine the size of flywheel required in conjunction with 
the characteristics of the motor and control apparatus, as it is 
only by considering them as a unit that a satisfactory installation 
can be made. It is seldom that a mill is run at such a rate that 
it is discharging metal from the finishing pass for anything ap¬ 
proaching 100 per cent of the running time. Depending upon the 
class of mill and the work performed, it is usual to find the mill 
actually rolling from 20 to 80 per cent of the total time. In the 
heavier mills, the percentage is naturally less than in the case 
of the mills rolling small sections, and it is therefore obvious that 
if the motor size is determined upon the basis of ro lling so 
much material per hour, it may be altogether too small to perform 
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the work while the metal is actually in the rolls, although it 
might be large enough to take care of the average conditions. 
With the ideal flywheel, a motor sufficiently large to carry the 
average load would be the right size to use, as all the peaks would 
be taken by the flywheel, and during the intervals between 
passes, energy would be stored in it. In practise it is not possible 
to use such flywheels, as they would be excessively large, and 
consequently a compromise must be made between motor and 
flywheel. It is usual to consider that the mill will run for short 
periods at its maximum capacity, that is, with the minimum in¬ 
terval necessary to handle the material, and on this basis the load 
diagram must be determined. The load diagram can be de¬ 
termined from curves showing the power requirements per 
cubic inch displaced, in conjunction with the volumes displaced 
and the rate of rolling. From this diagram, the average load, 
when the mill is rolling at the maximum rate, can be determined, 
and also the size of the flywheel. The average production of 
the mill must be taken into consideration in determining the 
size of motor so as to have an equipment which has suitable 
characteristics for the normal operating conditions. The curve 
showing the power required per cubic inch displacement shows 
a rapid increase as the cross-section area of the material rolled 
decreases. It is necessary to determine this curve from test 
data for practically every installation, as local conditions vary 
so greatly that it is not possible to take any set of curves as 
representing universal conditions. To illustrate the methods 
used in determining the size of motor, a load diagram when rolling 
plates is worked up in detail, in Table I, which it is believed will 
show how this problem is handled when the proper data are avail¬ 
able. It is of course obvious that this diagram is subject to 
appreciable variations in practise due to the variation in the 
condition of the material, temperature, etc., but as the curve 
for power consumption is based upon an average of a number of 
tests, the diagram is sufficiently accurate to enable the size 
of the motor and flywheel to be determined. The motor slip 
under actual operating conditions may be somewhat different 
from that calculated, but the flywheel will take care of these 
operating variations. From the load diagram, after allowing 
for friction, the average load on the motor during the period 
when the mill is rolling at its maximum rate, can be determined. 
For perfect operating conditions the flywheel should take all 
loads in excess of this average load. In practise this is not 


Calculation of power required for rolling f-in. by 24-in. plate from 4 by 24 by 97.5-in. slab. Rolls 30 in. diameter. Average speed 90 rev. per min. Friction 
load of mill, 250 h.p. Interval between passes, 5 seconds. Interval between slabs, 20 seconds 
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though the power required for the individual passes may vary 
quite appreciably from that calculated, the flywheel will have 
sufficient capacity to compensate for these individual variations, 
and that the general operating conditions of the motor can be 
fairly accurately determined. It has been pointed out that the 
daily or hourly capacity of a mill may be very much less than 
the maximum possible capacity, and it is necessary to compro¬ 
mise between the size of machine required to handle the max¬ 
imum possible output and the actual hourly and daily output. 
For instance, in the example that has been worked out, the 
average load on the motor is 675 h.p. when the mill is run at 
its maximum rate of production. The actual hourly rate of 
production of this mill is only 80 per cent of this maximum, so 
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Fig. 11—Load Diagram Corresponding to Table I 

that if the normal rating of the motor is such that it would carry 
the hourly average, it would be overloaded 25 per cent when 
working at the maximum rate of production. 

In practise it is advisable not to allow for an overload of more 
than 25 per cent when rolling at the maximum possible rate, 
so that there is always a certain reserve available in the motor 
for extraordinary conditions that may arise. Rolling mill 
motors are usually designed so that they can carry 25 per cent 
overload continuously with a 50 deg. cent, rise and 50 per cent 
for one hour with a 60 deg. cent. rise. With motors designed 
on this basis, it is quite permissible to allow for their being over¬ 
loaded 25 per cent when the mill is run at its maximum capacity. 
If the hourly capacity of the mill is considerably less than the 
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maximum that can be rolled, it is then necessary to investigate 
very closely the conditions existing so as to determine on what 
basis the compromise must be made. 

In the foregoing, attention has been drawn to some of the 
features controlling the power requirements of rolling mills 
and it is hoped that at some future date it will be possible 
to discuss this problem more in detail when a fuller knowledge 
is available of the various constants that must be considered 
when dealing with this proposition. The examples given rep¬ 
resent simple conditions and it will be readily appreciated that 
the great variety of shapes rolled makes the actual determination 
of power requirements very difficult. Curves showing the spe¬ 
cific power consumption are not as a rule so regular as for plates, 
which represent the simplest condition met with and the one 
not interfered with by such items as indirect pressure, collar 
friction, etc. 


A paper presented at the 277 th Meeting of the 
American Institute of Electrical Engineers, New 
York f November 8, 1912. 


Copyright, 1912. By A. I. E. E. 


THE ECONOMICAL SPEED CONTROL OF ALTER¬ 
NATING-CURRENT MOTORS DRIVING 
ROLLING MILLS 


BY F. W. MEYER AND WILFRED SYKES 


For reasons which need not be discussed in this paper the 
induction motor' has been adopted almost exclusively for driv¬ 
ing rolling mills where electrical equipments have been installed. 
One of the most difficult problems to be solved with this type of 
motor when electrifying rolling mills is the speed regulation re¬ 
quired for the merchant and hand mills, owing to the fact that 
t his type of motor is normally a constant,'speed machine. It 
is also one of the requirements on which it is almost impossible 
to obtain reliable information and one which invariably leads 
to a great deal of discussion, not only between the electrical 
engineers and the mill operator, but also amongst the operators 
themselves. Although the principal types of mills requiring 
adjustable speed are the merchant and hand mills, it is occasion¬ 
ally necessary to run the mills rolling heavy sections at various 
speeds. In the latter case, however, the problem is usually fairly 
simple because as a rule only two speeds are asked for. 

The smaller mills generally call for a great number of speeds 
and it is in connection with motors of about 300 to 1000 h.p. 
that the principal difficulty occurs. 

In referring to adjustable speed drives it is understood that this 
means mills that have to run at a number of definite speeds and 
that these speeds are maintained substantially constant, inde¬ 
pendent of the load variation. 

To any one investigating the requirements of rolling mills, 
one of the most striking features is the diversity of opinion among 
mill operators, as to what speed regulation is necessary when 
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rolling various sizes of material and different classes of work. 
To explain clearly the problem, it is necessary to divide the mills 
into three classes as follows: 

1. Speed adjustment is required on aceount u( the large range 
of material required. 

2. The speed regulation is required to enable a mill to run in 
tandem with another mill whieh lias a fixed speed and which 
rolls a variety of produet . 

2. Speed regulation is required to make it possible to obtain 
certain qualities, finish, and accuracy of section for different 
products. 

As a, rule it is not clearly understood, but it is a fact never¬ 
theless, that in the first ease, the speed regulation required 
depends greatly upon the class of labor operating the mill, and to 
the degree U > wh i eh it have been organized for working this particu¬ 
lar plant. A gang of men t hat has been working if »gether for a con¬ 
siderable period at a particular mill can naturally handle the 
metal quicker than one that is not so well organized and familiar 
with its characteristics, and it is also possible when the men are 
thoroughly familiar with the work to handle a larger variety of 
sections at high speeds, than can be done by less skilful workmen. 
Where the range of material rolled is very great if is, of course, 
not possible to handle heavy sections properly at the same speed 
as the lighter sections, no matter how well the workmen may be 
trained. The rate at which it. is possible for the workman to 
catch the metal with his longs as it leaves the mill and return it 
to the roll, depends, within limits, entirely upon the skill he may 
have acquired through practise, and when rolling the smaller 
sections, it is the workman's rapacity to handle the metal that, 
limits the speed of the rolls. The more skill he has, the greater 
will bo the range of material that he will be able to handle at the 
maximum speed of the mill, provided, of course, tlii.it the weight 
is not excessive, and this accounts to a very great extent for the 
difference in the practise ol different mills when rolling the same 
material. It may be staled, therefore, that if the range of mate¬ 
rial rolled is not, very great, the speed regulation required de¬ 
pends principally upon flic skill of the workman. It is not un¬ 
usual to find that after a mill has been installed with arrange¬ 
ments for speed regulation, and has been operating for a few 
months, that speeds lower than the maximum are not used at all. 

As the greatest speed regulation is generally required by the 
smaller mills, due to the larger range of material that must be 
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rolled with a given equipment, it is in such plants that the best 
results can usually be obtained by studying the operating con¬ 
ditions and the organization of the workmen. 

In changing an existing installation from steam to electric 
drive, it is very often possible to materially increase the output, 
due to the fact that the speed limitations of the induction motor 
necessarily introduce changes in the method of operation. If, 
for instance, a mill is installed with say only two speeds where 
previously a greater number was possible, it is commonly found 
that after a short time, a much greater variety of sections is 
rolled at the higher speed than was formerly the case. As the 
operators have only one alternative, it is, therefore, necessary 
to study very closely the working conditions, and by comparing 
them with those of other plants, to arrive at conclusions independ¬ 
ently of the statements of the operators. Such methods must 
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not be pushed too far, of course, as the quality of the organiza¬ 
tion must also be taken into consideration. From investiga¬ 
tions made as to the operating conditions in a great many mills 
driven by steam engines, it has been found that the operators 
usually have only a very vague notion of the speeds at which 
different materials are rolled. In Fig. 1 are shown some average 
figures for the delivery speed of hand-operated mills and it will 
be noted that the speed depends upon the maximum dimen¬ 
sions of the material rather than upon the area of the section. 

It is occasionally necessary to roll certain kinds of steel at lower 
speeds than the maximum on account of the quality of the ma¬ 
terial or the temperature at which it is worked, and this must, 
of course, be taken into consideration. 

It is obvious that if a mill is to roll a great variety of sections 
some speed regulation may be necessary, but as it is not uncom¬ 
mon to find material rolled at speeds varying as much as 100 ft. 
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(30.4 m.) per minute from the average figures given, it is 
obvious that a great number of speeds is not absolutely neces¬ 
sary, although very often asked for. The greatest speed adjust¬ 
ment is required in the case of jobbing mills where it is not 
unusual to find material varying from | in. to 3 or 4 in. (0.63-cm. 
to 7.6 or 10.1-cm.) rounds rolled in the same mill, and a speed 
range of 2 to 1 may be required. With such a range of work it is 
necessary to finish the smaller sections at a higher speed than 
the larger ones, as otherwise the metal would cool too rapidly and 
could only be formed by the expenditure of a great deal of power, 
thereby increasing the liability of breakage of the mill, and the 
accuracy of sections and quality of product may also be affected. 
To obtain a reasonable production from the mill, the smaller 
sections must naturally be rolled at as high a speed as possible. 

The second conditon to be met is where the finishing stands of 



Fig. 2 


a mill are driven by a separate motor, and the metal is in the two 
mills simultaneously. In this case the metal is us uall y delivered 
from the first mill at approximately constant speed and the speed 
of the finishing stands is dependent upon the reduction in area 
in the last passes. There is usually a loop between the two mills , 
but if the relative speeds are not approximately correct, the length 
of the loop may become excessive or the metal may be torn apart. 
In Fig. 2 is shown the layout of a mill of this type in which the 
smaller sections are finished in the separately driven rolls while 
the larger sizes of material are finished by the first mill. The 
delivery speed of the mill is approximately the same as the 
peripheral speed of the rolls, and consequently the intake speed 
will vary in proportion to the reduction in area in the pass. For 
instance, if there is a 30 per cent reduction in area, the ratio 
between the intake and delivery speeds will be the same as 70 
to 100, or in other words the deliveryspeed will be 43 per cent 
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faster than the intake. This relative speed, of course, varies 
with each section rolled. Another feature controlling the delivery 
and intake speeds is the size of the rolls. In practise, rolls will 
vary in size 10 per cent; they are usually about 10 per cent over 
size when new, and they will be turned until they are about this 
amount under size, before they are discarded. If it should 
happen that the first mill has new rolls, and the finishing mill 
old rolls, there may be a difference between the delivery and intake 
speeds of 20 per cent, independent of any other conditions that 
may exist. 

The amount of variation from the correct speed of the finishing 
rolls depends upon the normal length of the loop, which should 
be as short as possible, the floor space available and the length 
of the material. It is, therefore, usually necessary with this 
arrangement to arrange for a fairly large speed regulation with a 
considerable number of steps. 

The third condition is usually met with in mills rolling heavy 
and complicated sections. In such cases in order to roll some 
particular section accurately to size, a lower speed may be neces¬ 
sary than is required for normal operation, but in such cases only 
two speeds are usually wanted to meet operating conditions. 

To meet these three conditions a number of arrangements have 
been used and suggested, and it is proposed to review some of 
these different schemes from a practical operating and commercial 
standpoint. 

Rheostatic Control 

The simplest method of reducing the speed of an induction 
motor is, of course, to insert resistance in the rotor circuit, by 
which means any speed required may be obtained for a certain 
definite load and with a corresponding loss of efficiency depend¬ 
ing on the load and reduction in speed. With simple rheostatic 
control, we are limited by the speed variation which occurs with 
varying loads, as at light loads the motor speed will rise to ap¬ 
proximately the maximum value, no matter what the full load 
speed may be. Within certain limits, where the regulation re¬ 
quired does not exceed about 10 to 15 per cent from the syn¬ 
chronous speed, the rheostatic method of control is not only the 
simplest and most satisfactory, but under mill operating condi¬ 
tions probably the most economical. In the class of mill requir¬ 
ing speed regulation, the load is usually comparatively constant, 
due to the fact that there is often more than one piece going 
through the mill at a time, and the interval between passes is 
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generally very short, so that the actual speed variations are not 
so great as it may be thought would be the case from the motor 
characteristics, especially if the flywheel effect of the rotating 
parts is at all appreciable. The effect of a flywheel is not only 
to lower the peak loads that come on the motor, but also to 
lengthen the time required for the motor to increase in speed 
after the load is reduced. 

Without automatic regulation of the resistance, about 15 
per cent regulation is about all that can be obtained under usual 
operating conditions, but sometimes a still greater range is prac¬ 
ticable. With automatic resistance adjustment so as to vary it 
inversely with the load, it is usually possible to obtain a speed 
regulation up to about 30 per cent, provided the friction load of 
the mill is not less than about 20 per cent of full load capacity 
of the motor, and there is sufficient flywheel effect in the mill to 
compensate for the time element of the regulator. Beyond these 
limits it is hardly practical to use rheostatic speed regulation, 
but up to about 30 per cent it is possible to obtain fairly satis¬ 
factory operation by rheostatic control under the above condi¬ 
tions. The accuracy of the regulation will depend somewhat 
upon the flywheel effect of the system and if it is very great even 
a greater range than given above may be obtained satisfactorily. 
Although at first sight rheostatic control may not appear to 
be economical, where the speed range is as large as mentioned 
above, there are many cases where it is more economical than 
some auxiliary arrangement for obtaining speed regulation, due 
to the fact that at light load the rheostatic losses are not great 
and that the proportion of the time that the motor is operating 
at full load may be comparatively small. 

If we consider, for instance, a jobbing mill which runs continu¬ 
ously, but which has a very small production, the no-load losses 
of any auxiliary arrangement may mean an appreciable reduction 
of the all-day efficiency. Take for example a mill requiring 500 
h.p. average when rolling and 100 h.p. running light, the motor 
losses being 10 per cent of the average output at full load, and 
5 per cent at the friction load. If the mill carries full load 
20 per cent of the running time, and the regulation from syn¬ 
chronous speed required is 25 per cent, the additional loss due to 
the resistance will be about 22 per cent at full load, and at light 
joad the rheostatic loss will be about 24.4 per cent. The total 
input to the motor under these conditions will be for one hour: 
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Useful output, 500 h.p., 12 minutes. 100 h.p-hr. 

Motor loss, 50 h.p., 12 minutes. 10 “ “ 

Rheostatic loss, 140 h.p., 12 minutes. 28 “ “ 

Friction output, 100 h.p., 48 minutes. 80 “ « 

Motor loss, 25 h.p., 48 minutes. 20 11 “ 

Rheostatic loss. 32 “ “ 


270 h.p-hr. 

The 25 per cent speed regulation has been obtained at the expense 
of an additional input of 60 h.p-hours. If, instead of rheostatic 
control, the alternating current were converted to direct current 
by means of a synchronous converter, the efficiency of the con¬ 
verting equipment, including transformers, would be about 90 
per cent at full load and about 83 per cent at light load. In 
this case an adjustable speed motor would be used for the mill, 
so the efficiency would be about the same as the induction motor. 
With this arrangement the input would be as follows: 


Useful output, 500 h.p., 12 minutes. 100 h.p-hr. 

Motor loss, 50 h.p., 12 minutes. 10 “ « 

Conversion loss 60 h.p., 12 minutes. 12 “ “ 

Friction output, 400 h.p., 48 minutes... 80 “ « 

Motor loss, 25 h.p., 48 minutes. 20 " “ 

Conversion loss, 25 h.p., 48 minutes. 20 “ “ 


242 h.p-hr. 


The over-all efficiency with the rheostatic control would be 
(100 + 80) X 100 fl _. 


= 66.6 per cent. 


and with the direct-current system, 
(100 + 80) X 100 


74.3 per cent. 


An improvement of 7.7 per cent in the over-all efficiency has 
been gained with a capital expenditure about 100 per cent 
greater than that of the simple induction motor. The fixed 
charges will be appreciably increased due to the greater outlay 
and the greater maintenance of the additional apparatus. 
Actually, the gain will be considerably less, as the mill will 
operate only a part of the time at the reduced speed. If, for 
instance, it runs half the time at the reduced speed, the over-all 
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efficiency of the induction motor drive would be 75 per cent, 
and the direct-current drive 74.3 per cent, so there would be 
no saving in a year’s operation. 

This is not representative of the class of work usually met 
with, but such cases are not uncommon and it will be seen that 
although rheostatic control is inherently inefficient, yet in 
certain instances it might be better than some of the arrange¬ 
ments that are at present operating. In the example taken, the 
obvious solution of the problem would be to use a two-speed 
motor and to obtain intermediate speeds by rheostatic control, 
in which case the economy would be very much better than 
shown, and superior to the direct-current arrangement. With 
some of the newer methods of speed regulation which will be 
referred to later, much more economical regulation can be 
obtained, than with any arrangement requiring the conversion 
of the energy to direct current, so that the field for rheostatic 
control will be reduced in the future, but the difference between 
full-load, and the yearly efficiency with rheostatic control, should 
be clearly understood. 

M ulti-Spkkd Morons 

Theoretically it is possible to obtain practically any number 
of speeds required from a single motor by using one or more 
windings and suitably grouping the coils, fn practise, however, 
we are limited to one or two combinations, not only on account, 
of the complexity of the motor design and the. uneconomical 
use of the material, but also because of the complication of the 
control equipment. Four speeds is about the maximum that 
can be obtained with multi-speed motors in practise and even 
this range requires an extremely complicated control, especially 
if the motor has a wound rotor. Two of the speeds need not 
have any definite relation to each other, but the other speeds in 
each case must be half of the corresponding higher speeds. This 
arrangement requires two windings on the stator, and in the cast 1 
of a wound-rotor motor, two windings on the rotor, each winding 
being grouped to give double the number of poles for the lower 
speed. To obtain the various combinations, such a motor must 
have at least nine slip rings, and 12 leads must be brought out 
from the stator. 

The usual type of motor used in steel mills has not more than 
three speeds, one speed being half of the maximum and the 
third speed intermediate between these two. This motor also 
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has two windings, one of which must be re-connected to give a 
2 to 1 ratio. Such arrangements are seldom met with and a 
great majority of cases, up to the present, have been taken 
care of by two-speed motors, intermediate regulation being 
obtained by rheostatic control. The simplest type has a speed 
ratio of 2 to 1 and has only one winding which is re-connected, 
requiring six stator and six rotor leads. The second type has 
two windings that are absolutely independent of each other, but 
has the same number of leads a»the motor with the 2 to 1 ratio. 
The complication of the control is one of the disadvantages of 
the multi-speed motor and it is one of the limiting features of 
the number of speeds that it is feasible to obtain. In the motor 
with two separate windings the control is very simple, as it is 
only necessary to change from one winding to the other by 
means of double-throw switches. 

With an arrangement giving two synchronous speeds, one 
approximately 70 per cent of the other, it is possible to obtain 
a speed regulation by rheostatic control of about 2 to 1, giving 
any number of intermediate steps that may be required. This 
arrangement in a great many cases where comparatively close 
regulation may be necessary, such as when mills are worked in 
tandem, may work out to be the best and cheapest installation. 

A number of papers have been read before this Institute on 
the possible combinations for obtaining a number of synchronous 
speeds, but in all the discussion little attention has been given 
to the switching arrangements required to make up such com¬ 
binations. From the standpoint of the operator, the control 
equipment is usually a greater worry than the motor, and an 
arrangement that may be technically very interesting and 
ingenious will probably be so complicated from a control stand¬ 
point that satisfactory operation is impossible. The motor is 
usually the simplest and most reliable part of the equipment and, 
therefore, it must not be considered alone. The order in which 
the switching must be done, when changing from one speed to 
another, to prevent short circuits, is such that it is almost impera¬ 
tive to use automatic control with the class of labor usually 
operating such machines, and, to obtain the proper combinations 
the wiring becomes extremely complicated if more than two 
speeds are required. 

The efficiency and power factor of the multi-speed motor is not 
very much lower than a single-speed machine of the same char¬ 
acteristics and from a practical operating standpoint, the differ¬ 
ence is not appreciable. 
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Motors in Cascade 

With motors in cascade it is possible to obtain practically 
any number of speeds that may be required. Actually, the 
number of speeds that it is possible to obtain is limited by the 
cost of the equipment and the complication of control apparatus 
more than by any limitations of the system. This arrangement 
has been used to a slight extent here, and to a greater extent 
abroad for rolling mill work, but on account of its high cost 
and rather unsatisfactory operating conditions it has not found 
many advocates. 

The possible combinations have been brought out to some • 
extent in the discussion of Reist and Maxwell’s paper before 
this Institute,* and practically the only limitation is the number 
of steps that can be obtained with an even number of poles. 
Such combinations, however, could not be used in practise on 
account ol the complexity of the switching devices, which would 
be such that they would be necessarily very unreliable. The 
combinations that are really practicable do not give any greater 
range than can be obtained by multi-speed motors, and the 
efficiency and power factor are not as good. The low power factor 
of the cascade arrangcme.nl, is one of the most undesirable 
features of this arrangement, and in steel mills where induction 
motors are so largely used the addition of such apparatus is 
veiy uncleanable. I he work that has been done in the study 
of the speed requirements of the mills by electrical engineers 
has shown that it is not necessary to have such a wide range 
of speeds as can be obtained with the cascade arrangement even 
leaving the practical side of the question out altogether, and, 
therefore, the multi-speed motor has been used almost exclusively 
in this countiy, whatever different speeds have been necessary. 


Induction Motors in Conjunction with Tiikich* Phasic 
Commutator Regulating Machines 


In the types of machines that have been referred to, the 
characteristics are generally well known. In the. case <>f rheostatic 


control, the resistance losses are such that this system is not 
efficient if the amount of regulation required is large, as the 
cneigy from the rotor circuit is dissipated in the resistance. If, 
instead, the energy from the rotor circuit is absorbed by an 
auxiliaiy machine or machines, which in turn delivers power to 
the system, it will be possible to obtain speed regulation below 


♦Transactions A.I.E.E., 1909, XXVIII, I, page 610. 
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synchronism economically. If energy is delivered to the rotor 
circuit by an auxiliary machine or machines, regulation above 
synchronism can be obtained. With such arrangements it is 
possible to combine many of the advantages of the induction 
motors with those of the adjustable-speed direct-current motors. 
The desirability of such regulating systems cannot be questioned, 
but under the conditions existing in this country there are at 
present certain difficulties standing in the way of the general 
adoption of the various methods which will be described. The 
problem of adapting these various systems to American condi¬ 
tions presents considerable difficulty and consequently they 
cannot be generally used at the present time. 

The various systems that have been developed enable speed 
regulation over a considerable range to be obtained, and in 
addition to their use in connection with rolling mill motors 
they have been largely adopted in Europe for the speed control 
of compressors, blowers, etc., as well as for the driving of machin e 
tools requiring adjustable speed, thereby supplanting the adjust¬ 
able-speed direct-current motor, and making possible the use 
of alternating current for all purposes. 

The desirability of obtaining a greater speed range, economic¬ 
ally, than is possible with the multi-speed motor and cascade 
systems that have been previously described, caused some of the 
European manufacturers to experiment at an early date with the 
various arrangements involving three-phase commutator ma¬ 
chines. In spite of the favorable results obtained under test con¬ 
ditions the development of these arrangements progressed rather 
slowly, due to the fact that this type of machine introduced new 
problems from an operating standpoint, and consequently, 
practical experience had first to be obtained before confidence 
was established. Originally, there was considerable doubt as to 
the possibility of obtaining satisfactory commutation, but the 
development of the single-phase commutator motor for railway 
work, operating under most severe conditions, paved the way 
for the introduction of a three-phase commutator motor. One 
of the difficulties that had to be overcome in the introduction of 
this type of motor was the education of the operators. In 
Europe, the experience that had been gained with the single¬ 
phase motor showed that the three-phase machine did not 
present any greater difficulties, as far as commutation is con¬ 
cerned, and in certain features had advantages over the single¬ 
phase, and in some respects even over direct-current machines, 
in spite of other drawbacks. 
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How far it is possible to use the systems that have been devel¬ 
oped in Europe, in this country, is a question that can only be 
demonstrated by experience, but in view of the inferior class o£ 
labor that we have in a great many of our plants for attending 
to the machines, it will be necessary to exercise considerable 
care in the early installations. As will be seen from the follow¬ 
ing descriptions of the various systems, some of them are quite 
simple, and when the preliminary difficulties have been over¬ 
come, we may expect that such arrangements will find consider¬ 
able application. In a paper before this Institute, Mr. G. A. 
Maier* described some of the systems that have been developed 
in Europe, and in the discussion another system was mentioned. 
It is proposed in this paper to describe some of the newer develop¬ 
ments with this type of machine and for the sake of comparison, 
the principal features of the systems already described will be 
mentioned. Most of the main characteristics of the new systems 
that will be described have been already tested, but at the 
present time it is not possible to discuss operating experience. 

One characteristic of the three-phase commutator regulating 
machine is that it is possible, with suitable arrangements, to 
compensate for the power factor of the main motor and over¬ 
come the objections that are raised as to the use of induction 
motors, on account of their low average power factor. This 
characteristic has not been taken full advantage of in all systems 
that have been developed, but it is one of the important advan¬ 
tages of this method of regulation, if properly worked out. 

One of the first systems developed had the commutator 
machine direct-connected to an induction motor shaft. This 
system has worked satisfactorily, but the question is sometimes 
asked why the three-phase motor is not used directly instead of 
in combination with the induction motor. The reason is that 
it is desired as much as possible to employ the simple induction 
motor for performing the work and that the commutator machine 
is only used as an auxiliary to obtain the speed regulation, and 
consequently it may be smaller in most cases than would be the 
case if it were used directly. 

In Fig. 3, the system referred to above is shown diagrammatic¬ 
al^ The induction motor A is designed for the full load to be 
carried. 'When the main motor is operating at its full speed the 
auxiliary motor B is not loaded and may be disconnected alto¬ 
gether. In order to obtain a reduction in speed, the transformer 

^Transactions A.I.E.E., 1911, XXX, III, page 2455. ~~~’ 
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s ls so regulated that the auxiliary motor B develops a back 
which can only be overcome by an increase in the rotor 
Itage and a consequent drop in speed, and consequently, the 
from the rotor circuit, instead of being lost in resistance 
^^ith rheostatic control, is absorbed by the auxiliary motor, 
hell assists the main motor in carrying the load. So long as 
speed range of the main motor is not large, the auxiliary 
o-tor is comparatively small, but its capacity is determined by 
' e percentage of speed regulation required, or, for instance, if 
. e speed must be reduced 30 per cent, it must have 30 per 
^ivt of the capacity of the induction motor. This is important, 
^ Previously it was not possible to build three-phase commutator 
Potois for large capacities. The limit of size was fixed by the 
that satisfactory means were not available to obtain good 



Fig. 3 


oixixnutation, and the arrangements for obtaining power factor 
eg-u-lation, by means of moving the brushes, made it extremely 
ifificvilt to use auxiliary commutating fields in the motor. The 
lovement of the brushes was necessary to avoid the use of an 
xpensive combined phase and voltage regulator in place of the 
mple regulating transformer. Due to later developments, the 
mit placed upon the size of machine by the co mm utation has 
sen removed by the use of commutating fields, which makes it 
ecessary with the ordinary phase winding to use a constant 
rtasli lead to obtain good power factor compensation for the 
rerage operating conditions; or it is possible to obtain the same 
suits by a -special phase combination in the motor itself, 
tae latter arrangement has certain advantages, especially where 
i& field form is not favorable to good commutation, which is 
yt possessed by the system of varying the brush position. 
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This system of speed regulation has the advantage that as the 
speed of the set is reduced, the available torque for the same 
line current is increased as the work done by the commutator 
machine increases, directly in proportion with the decrease of 
speed. The disadvantage of this system is that the direct con¬ 
nection of the commutator motor necessitates its being designed 
for the same speed as the induction motor, which as a rule, in the 
case of machines of large capacities in rolling mills, is comparative¬ 
ly low, and this introduces difficulties in the construction. In the 
case of high-speed induction motors, driving turbo-compressors, 
blowers, etc., it is generally quite impossible to build the com¬ 
mutator motor for the same speed as the main motor. It is, of 



Fig. 4 

course, possible to connect the commutator motor to the main 
motor through some form of gearing, but such arrangements 
should be avoided if possible. 

The well-known system shown in Fig. 4 presents advantages 
in this respect. In this figure the commutator motor B is not 
connected to the main motor A mechanically, but is coupled to 
an induction machine D which is connected to the line. This 
makes it possible to build the auxiliary machines for the most 
desirable speed, from a designing standpoint. The energy 
from the rotor circuit is not transmitted to the shaft of the main 
motor, but is transmitted through the auxiliary machines and 
is returned to the line in the form of electrical energy, and con¬ 
sequently this arrangement is better adapted for cases where 
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constant torque is required. The commutator motors of such 
regulating sets are nearly always provided with a compensating 
winding on the stator which counteracts the rotor field and makes 
it possible to regulate the speed by varying the magnetizing 
current. Consequently, the regulating transformer C and the 
necessary controller can be smaller. It would be possible 
to avoid the use of a regulating transformer altogether if the 
commutator machine were provided with an auto-transformer 
winding, which has-been done in a number of cases with the system 
first described. 

The power factor compensation with this system is obtained 
by a special phase combination some what different from that used 
with the arrangement previously described, but such an arrange¬ 
ment provides correct compensation for only one definite speed 



Fig. 5 

and load, which are chosen so as to approximate, as closely as 
possible, the average working conditions. 

In the system just described the commutator machine has been 
in some cases furnished with a series pole for obtaining the charac¬ 
teristics of a compound motor, which is an advantage, for in¬ 
stance, if this arrangement is used in conjunction with the motor 
driving a rolling mill requiring a drooping speed characteristic 
to enable the flywheel to take the proper proportion of the load. 

The principal disadvantage of this system is that it requires 
two auxiliary machines to obtain regulation and it will be shown 
later that it is possible with suitable arrangements to avoid 
this feature. 

In Fig. 5 is shown diagrammatically a system that has been used 
to some extent in Europe and which has been mentioned in the 
discussion of G. A. Maier’s paper before this Institute. In this 
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arrangement the second auxiliary machine D is a small motor 
which drives the frequency changer B and only has to overcome 
the mechanical losses. The commutator machine B consists 
of a wound rotor which has on one side a commutator and on 
the other, slip rings. On the stator there is only an auxiliary 
winding for improving the commutation of the machine. Tins 
machine cannot develop any torque and it is, therefore, necessary 
to use the small driving machine D to rotate it relatively in 
synchronism with the main motor. The regulating transformer 
C must in this case be designed for the whole of the rotor energy, 
which flows through the frequency changer and the transformer 
to the line. In the frequency changer the copper losses a, re 
comparable with those of a synchronous converter and are con¬ 
sequently very small. 

With this system, as it has been pointed out, it is necessary for 
the frequency changer to run relatively in synchronism with 
the main motor, and consequently if the number of polos of the 
auxiliary machine D and the main motor were the same, which, 
however, is generally not the case, both would have to run at 
exactly the same speed. The rotor eon nee lions between the 
motor A and the auxiliary driving motor D insure that the 
machines remain relatively in synchronism and any slight differ¬ 
ence will cause the exchange of synchronizing energy in the same 
way as with synchronous machines. The power factor of this 
system is fairly good on account of the favorable distribution 
of the magnetizing current, but it is not) possible to obtain reg¬ 
ulation. The advantage of this system over the arrangement 
pieviously described is that it is possible to supply energy to 
the rotoi circuit so as to regulate above synchronous speed. 
With the previously described arrangements it is extremely 
difficult to cause the main motor to pass through synch nanism* 
As it is possible to divide the regulating range above and below 
synchronous speeds of the main motor, the auxiliary machine 
need only be designed for half the capacity that would be neces¬ 
sary if the whole of the regulation was done below synchronism. 
This arrangement presents certain advantages when a, higher 
speed than normal is occasionally required; for instance, in the 
case of blowers, where a higher pressure than normal may be 
requiredfor a short period, the motor being run above synehron- 
ism when this necessary. To make it possible to obtain a 
definite speed variation between no-load and full load a com¬ 
pounding transformer has been used which gives such a charac¬ 
teristic. 
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Suggestions have been made for the simplification of this sys¬ 
tem by modifying the" frequency changer, but they introduce 
undesirable characteristics such as poor power factor. The 
power factor might be sometimes improved by such arrange¬ 
ments as brush moving or phase combinations, but in such modi¬ 
fied arrangements, the range of regulation required is greater 
than is necessary with the types of machines previously described, 
and consequently, it is more difficult to obtain a phase combina¬ 
tion or to set the brushes in such a position as to obtain an aver- 
age power factor that will be satisfactory under operating con¬ 
ditions. It is possible to simplify the arrangement somewhat 
by coupling the frequency changer to the main motor, which 
obviates the use of the auxiliary driving machine, or the frequency 
changer may be geared to the main motor so as to obtain favor¬ 
able construction speed, and as the power to be transmitted is 
trifling, the gearing can be of small dimensions. If the gearing 
is so arranged as to make it possible to change the relative rotor 
position of the motor and the frequency changer, power factor 
regulation can be obtained, and it is also possible to use a phase 
and voltage regulator for the same purpose. Such arrangements 
for connecting the two machines together are not very desirable 
and although possible, should be avoided. 

From what has already been described it will be seen that there 
are many desirable features not covered by the systems hitherto 
in use, and it is, therefore, not astonishing that even recently 
arrangements have been used by which the rotor energy is con¬ 
verted into direct current and then to alternating current and 
returned to the line. For American conditions where. 25 cycles 
is standard for heavy power work, such a system presents many 
disadvantages, not only on account of constructive difficulties, 
but also on account of the high cost compared with other arrange¬ 
ments, although it has the advantage of using machines that are 
familiar to the attendants. 

Although it is not possible in this paper to discuss all of the 
improvements that have been made, some of the latest develop¬ 
ments may be described. It is not proposed to discuss the theoret¬ 
ical features of the various machines and systems, as these will be 
given in another publication. The arrangement shown in Fig. 6 
is one that is particularly suitable for rolling mill and mining 
applications and it will be seen that it is very simple. There is 
only a single auxiliary machine, the frequency changer B t which 
has a simple three-phase winding on the stator which need only 
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be designed for a comparatively small current and which is 
connected to a small regulating resistance. In addition, an 
auxiliary winding is provided to improve the commutation. 
As in addition to this regulating resistance there is also provided 
the regulating transformer C, it is possible to regulate the whole 
system in two ways, which are necessary to control independently 
the power factor and the speed. The operation of this system 
can be understood from the following: Let us suppose the 
motor A is started as an ordinary induction motor, with 
rotor resistance, and the connection to the frequency 
changer being open. The frequency changer may be also 
started as follows: Rotor R of the frequency changer B is 



Fig. 0 


supplied through the regulating transformer C with voltage to 
correspond to the desired voltage on the rotor of the main 
motor,, and the stator winding of the frequency changer B S, 
which in this case is the secondary, is regulated by the resistance 
D until it runs relatively in synchronism with the main motor A, 
If, for instance, both the main motor and the auxiliary machine 
have the same number of poles, which, however, is generally 
not the case, then both machines must run at exactly the same 
speed. As for example, if the voltage of the rotor of the main 
motor at standstill is 200 volts, and the speed is to be regulated 
to half the normal, the rotor voltage will be 100 volts,' which 
must also be the case of the voltage on the commutator and 
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:slip rings of the frequency changer. If the ratio of the secondary 
and primary windings of the frequency changer is 1 to 1 then the 
voltage across the stator winding of the frequency changer must 
be regulated for 50 volts. The frequency of the induction motor 
rotor circuit is the same as that on the commutator and the 
stator of the frequency changer. By means of synchronizing 
lamps between the commutator of the frequency changer and the 
slip rings of the main motor, the two machines can be synchron¬ 
ized. If the starting resistance of the main motor is disconnected, 
the rotor energy will flow through the frequency changer and 
the regulating transformer to the line. The current in the 
stator of the frequency changer can be comparatively small, as 
the field generated by the current flowing through the commu¬ 
tator is counteracted by the current flowing to the transformer 
through the slip rings, with the exception of that necessary for 
the magnetizing of the working field, which is only sufficient to 
give enough torque to enable the machine to run at the proper 
speed. The method mentioned for synchronizing the frequency 
changer and the main motor is in practise unnecessary and is 
only used to illustrate the process. 

An interesting question is what happens when the stator 
winding only is regulated by means of the resistance D , or only 
the transformer is regulated. It has been held that under such 
conditions stability of operation is questionable/ The whole 
question of relative synchronous operation in general is interest¬ 
ing and difficult to solve, which occasionally has led to a misun¬ 
derstanding of the whole problem, as for instance in the -newly 
published book of Arnold* on single-phase and three-phase 
commutator motors. Practical results, however, have settled 
all doubts on this question and have confirmed the theoretical 
foundations for this system. The theory shows that by such 
regulation, power factor compensation of the whole power circuit 
is possible as far as may be desirable. If, for example, the resist¬ 
ance D is decreased without changing the regulation of the 
transformer C, the frequency changer has a tendency to run 
faster, but this is impossible on account of its connection to the 
main motor, and the only result is that an equalizing current will 
flow between the two rotors, therefore, causing a synchronizing 
force. It is consequently the case that by suitable regulation of 
this current, the power factor to the whole system can be set at 
any desired value. This result can be somewhat explained by 

* Volume 5-A, “Wechelstromtechnik.” 
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means of the vector diagram in Fig. 7. The uncompensated 
induction motor with resistance regulation will take the current 
V which will be behind the voltage E. In operation with the 
auxiliary machine, there flows the current I u in the stator of the 
motor which leads the voltage E and at the transformer we have 
the current lb which lags very much behind the voltage compo¬ 
nent. The resultant of both these currents gives the current /, 
which is more or less in the direction of the vector E and con¬ 
sequently the power factor can be brought to the desired value. 
As a diagram of the internal action of the commutator machine 
would show, the regulating transformer supplies a strong wattless 
component of the current h which produces the field of the 
auxiliary machine and also that of the induction motor* How¬ 
ever, by the regulation of the stator winding of the frequency 




changer a greater wattless component is produced than is 
necessary for the production of these fields and this has the 
effect that the main motor current can be made leading so that 
the resulting current comes into the right phase relation, it 
should be kept in mind that, although at the (nu.r, former there 
is an increase in the magnetizing current, there is not a cor¬ 
responding decrease in the induction motor. If we assume a 
ratio of 1 to 1 between rotor and stator in the induction' mo tor, 
there will be the same leading component in the primary as 
there is a surplus lagging component in the secondary, which is 
independent of the voltages of the rotor and stator, and also of the 
speed. It is questionable whether it is advisable to <-,mmensate 
for the power factor of other machines on the line by such 
methods, but if this is done, it will have practically no died on 
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the stability of the machines, as good machines are capable of 
standing two or three times the normal torque, and oscillation 
between the machines seldom occurs, even if no particular efforts 
are made to avoid it. The main motor and the regulating 
machine operate only relatively in synchronism and not in 
synchronism with the line. 

The speed of the sets varies somewhat when the power factor 
is regulated, being caused by the fact that the voltage drop in 
the machines varies somewhat when the wattless current is 
changed. In a simple case, with constant torque on the motor 
and other conditions remaining unchanged, we obtain from a 
detailed investigation of the characteristics, the curve shown in 
Fig. 8, which shows the variation of the commutator voltage 
E c in comparison with the assumed constant slip ring voltage E s . 
This variation is the reason why the speed changes somewhat 
when the power factor is regulated. When there is an improve¬ 
ment in the power factor, the speed increases. If the load is 
varied, we also have variation in the speed of the set which 
decreases as the load increases, and this characteristic can be 
taken advantage of in case of motors driving rolling mills to 
enable the flywheel to take its proper proportion of the load. 
The drop in speed is naturally dependent upon the resistance 
and self-induction of the frequency changer, leaving out of the 
question the characteristics of the main motor, and if the set is 
regulated for a certain speed, the speed characteristic is similar 
to that of a shunt motor. It should be noted that on account of 
the interaction of the machines, even if the frequency changer 
were non-inductive, it would be possible to obtain satisfactory 
operation, which is an important difference from the character¬ 
istics of synchronous machines. Even with such a condition, 
it would still be possible to compensate for power factor, but in 
view of the fact that it is desired to obtain a good power factor, 
as constant as possible without regulation over a wide range of 
load, it is desirable to have some induction in the rotor circuit. 
By . varying the self-induction in the rotor circuit, it is possible 
to change the speed characteristics from no-load to full load 
and this may be done without interfering with the capacity of 
the machine to regulate the power factor. If variations in the 
power factor are permissible, it is possible to obtain a very fine 
speed regulation by regulating it, and consequently the regulating 
transformer need not have so many steps. The inner part of 
the voltage curve, Fig. 8, corresponds to the operation of the set 
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above synchronism, and as is clear from theoretical consideration 
of the effect of regulating the machine, the speed must eventually 
rise above synchronism, although with the constant voltage E s 
there would be heavy current flowing at the synchronous speed. 
It is a very interesting question as to how it is possible to obtain 
such a curve practically; as also is the whole subject of operation 
above synchronous speed. It might be mentioned in this con¬ 
nection that by means of phase transposition, the frequency 
changer can run as much below synchronism as the main rotor 
is to run above synchronism. The necessity for the transposi¬ 
tion of the phases can be avoided by modifying the system some¬ 
what, and the whole operation ofthe set at and above synchronous 
speed can be improved by such modification, but this point can- 



Fig. 9 


not be discussed at the present time. The system that has just 
been described is very simple on account of the fact that we have 
only a single regulating machine instead of a number of machines, 
and it is easily regulated as it is only necessary to regulate the 
transformer in any way that may be convenient, or an induction 
regulator might be used which would avoid handling the regula¬ 
ting current altogether. On account of the fact that the cur¬ 
rent in the statoi is very small and need not be regulated in fine 
steps there is no difficulty.whatever in controlling this circuit. 

It is possible to avoid the use of the regulating transformer In 
the case of low-voltage circuits as shown in Fig. 9. in this case, 
we have also the main motor A and the frequency changer B 
With the .rotor R and the stator 5. The stator is provided with 
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an auto-transformer winding and the function of the regulating 
transformer is combined in the machine. It will be seen, how¬ 
ever, that the stator winding can be regulated in two ways, 
and this makes it possible to regulate both speed and power factor 
as in the system previously described. If we suppose the fre¬ 
quency changer is running relatively in synchronism with the 
main motor and also has the right voltage, the two machines can 
be connected together. If the stator is now regulated in such a 
way that the transformer ratio remains the same, but at the same 
time, the absolute number of active turns is varied and conse¬ 
quently the field, the wattless current will change and the power 
factor can be regulated. The whole of the regulation can be 
taken care of by a single controller which can be very simple, 
as it is unnecessary to regulate the power factor in fine steps. 
All of the characteristics required of the motors driving the mills 
or machines can be readily mot by interlocking the various 
elements of tlie controller. This arrangement does not require 
any changes in the windings of the machines, nor is it necessary 
to move the brushes, or to have any variable gearing between the 
main motor and the auxiliary machine to obtain power factor 
regulation. The auxiliary machine combines in itself all of the 
regulating requirements and is, therefore, 

Voltagc regulator, 

Frequency changer, 

Power factor regulator, 

Motor for driving itself. 

By various arrangements it is possible to obtain entirely satis¬ 
factory operation above synchronism, and in fact, it is just as 
easy to operate above synchronism as below and the passing 
through synchronous speed of the main motor does not present 
any particular difficulties. 

When it is necessary to work near or at synchronism it is far 
better, however, to use such an arrangement as is shown in Fig. 10, 
although it is possible in the system just described to ob¬ 
tain a working field and the possibility of regulating at 
the synchronous speed. The system shown by Fig. 10 
provides for an almost constant working field under all 
conditions. The system shown in Pig. 9 is more suitable for 
regulating the speed in fairly large steps, and when the motor is 
running at such a speed as not to require the use of the auxiliary 
machine it can be disconnected and used for regulating the power 
factor of the line. The arrangement shown in Fig. 10, on the 
other hand, is more suitable for regulation in fine steps near the 
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synchronous speed, but the auxiliary machine is somewhat more 
expensive. This system is desirable where speed regulation is 
required, where the size of machine does not determine the type, 
but other technical reasons make it desirable to use such a regula¬ 
ting system. This is, for instance, the case with turbo-compres¬ 
sors or blowers, which generally run at very high speeds, and even 
with comparatively small equipments it would be impossible to use 
any type of commutator machine directly. Consequently it is 
necessary to use an induction motor, and to obtain necessary 
speed regulation by some such system as lias been described. 
The characteristics of blowers and compressors are such that 
only comparatively small speed changes are required to cause 
a considerable difference in the output, as the power varies 



Fig. TO 


piactically as the cube of the speed. The regulation < >f t he .sys¬ 
tem shown m Pig. 10 is obtained in a way similar to that, des¬ 
cribed m the previous system, and to obtain operation above 
synchronous speed it is possible to use a continuation of the 
phase winding through the star of the stator. A further 
development of the three-phase commutator machine for the 
purpose of obtaining motors for main drives as well as for 
lating induction motors, however, makes it possible to avoid 
the use of such an unsymmetrical phase arrangement 
It is sometimes the case that the requirements of such systems 
are severe and that high momentary overloads or severe over¬ 
loads for a comparatively short time must be carried, such as 
for instance, in the case of rolling mills, blowers, compressors,’ 
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etc. These characteristics can be obtained with such a combina¬ 
tion, either at starting or at high speeds, under or above syn¬ 
chronism. In some cases it would be advantageous if the 
frequency changer could be used as a motor, at the sam e 
time retaining the function of the frequency changer, which 
would give a good combination for running above or below 
synchronism. Such an arrangement would present a number of 
advantages in some cases, but is only possible if the auxiliary 
machine is mechanically connected in some way with the mam 
motor. It may be also desirable to use a mechanical connection 
on account of the quickness of the speed variation required. 
To obtain such characteristics and to keep the advantages al¬ 
ready mentioned, new arrangements are necessary, and it might 
be mentioned that such a system has been already worked out, 
but it cannot be described at present. 

Three-Phase Commutator Motors 
Operating difficulties exist when a very large speed range is 
required when the speed is reduced practically to zero, and in such 
a case a regulating auxiliary machine presents no advantages, 
as it would have to be designed for practically the same capacity 
as the main motor. In such a case the commutator motor can 
be used for direct drive except when it is necessary to regulate the 
speed very much above synchronism, when it may be desirable 
on account of the commutator speed to use an induction motor and 
to operate the regulating commutator machine correspondingly 
below synchronism. In the case of drives of small power, the com¬ 
mutator motor used directly is quite satisfactory, but even in the 
case of motors of large capacity, there is no partic ular construc¬ 
tive difficulty in the way so long as care is taken to provide good 
commutating fields and such devices as brush moving are avoided. 
Some method of providing a good commutating field is, however, 
necessary, as, for instance, with an eight-pole motor designed 
without commutating poles or other means of helping commuta¬ 
tion, for 50 cycles, the limit of construction is about-150 to 200 
h.p. In the United States the conditions in the steel plants are 
favorable for such machines on account of the almost universal 
adoption of 25 cycles. Until recently only one type of such 
machine with shunt characteristics was in use in Europe. This 
type has at present such characteristics that the voltage for the 
rotor is supplied by an auto-transformer winding from the 
stator with a special phase combination or an arrangement 
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with auxiliary phases. This design makes it possible to obtain 
power factor compensation for one particular load and speed 
which is chosen so as to approximate the average operating con¬ 
ditions. To give power factor correction over a wide range of 
load and speed when this is desirable, such a system becomes so 
complicated as to be impracticable. In the following there is 
described a system which avoids all of these phase combinations 
and auxiliary phases as well as fixed phase relations at all, and 
also the necessity of brush moving. This machine is constructed 
not only with a rotor similar to that of a direct-current machine, 



Fig. 11 


but also with a field of the same type, which enables the speed, 
power factor and starting torque to be regulated. It should be 
noted tha t the machine with such a winding usually prevents the 
for ma tion of excessive disturbing fields for the commutation. 
The newer developments of the winding have made it possible 
to reg ula te, even over a very large range, without introducing 
disturbing fields. Such machines have, however, in every 
case, a simple continuous winding without auxiliary phases. 
The diagram shown in Fig. 11 illustrates the principles involved 
for all cas es, as far as regulation is concerned. This diagram 
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shows most of the possible variations, but it is necessary 
when designing such machines to determine how far the different 
possibilities can be taken advantage of. The same results as 
shown in the vector diagram, Fig. 7, are here obtained by the use 
of a single machine giving the phase regulation. From Fig. 11 
it will be seen that it is possible to obtain the phase regulation 
by shifting the connections, and at the same time to vary the 
field and the voltage, or in other words, this arrangement allows 
of a direct regulation of the vectors. For this purpose the stator 
winding has a number of divisions as shown by the spaces D E 
and F G . How many divisions are necessary in the stator 
winding is a question which depends upon the amount of copper 
in the winding. In any case, however, there must be at least 
three in these phase segments, which, it will be understood can 
be displaced if required. From this diagram it can be seen that 
it is possible to shift the field and at the same time to vary its 
strength. The line voltage is applied between B and A. On 
the segment A B the voltage vector for the rotor can be set 
between A C. It will be, of course, understood that the rotor 
circuit can also be supplied from a special winding which is 
independent of the main winding. This circuit need only be 
designed to carry the regulating power, which arrangement is 
particularly advantageous when the machine is designed for higher 
voltages. In this way, we obtain another possibility of varying 
the vector displacements which can be partly substituted for 
the other vector regulation. The whole question of such winding 
combinations, which is connected with the question of the mainte¬ 
nance of the field form, and the reduction of the current to be 
handled by the controlling devices, as well as the type of winding, 
is too complicated to be discussed in this paper. The speed of 
the motor can be varied, for instance, either by varying the 
position of the point B, thereby changing the field, or by varying 
the position of the point C which changes the rotor voltage, and 
in either case the phase connection A can be so regulated as to 
give good pqwer factor. This system has the advantage that the 
necessary commutating field can be supplied directly in the 
correct phase relation on the stator winding by proper connec¬ 
tions. Fig. 12 shows how this same arrangement can be used for 
a motor with series characteristics. This diagram shows the 
phase connections A and.B and the division points CD, E F, etc., 
and it is believed that no further explanation is necessary. In 
this paper, which describes some of the latest developments in 
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this class of work and only mentions the well-known other 
systems for the sake of comparison, we have avoided, altogether, 
any reference to the names of the various arrangements and also 
to the historical development, but it is generally known that 
the series three-phase motor is very old. As originally built 
it had the disadvantage that the speed could only be regulated 
by shifting the brushes, which caused the machine to operate 
with very poor power factor. The newly developed machines 
with brush-shifting arrangements also have the same disadvantage 
even when, the operating characteristics are favorable. Such an 
arrangement also has the disadvantage of high cost on account 



Fig. 12 


of the lack of a good commutating field. If in addition to shifting 
the brushes the number of turns on the stator is also regulated, x 
the whole machine becomes very complicated. The arrangement 
shown in Fig. 12 offers a better solution of the problem, as it 
avoids these disadvantages and presents a number of other 
desirable features. The combination of the series and shunt 
systems gives the characteristics of a compound-wound motor, 
which is of special importance where it is necessary to use a fly¬ 
wheel. 

The combination of such an arrangement with the regu¬ 
lating sets previously described gives a series of possibilities that 
can be obtained with standard construction of commutator 
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machine which may at times be useful. Further discussion of 
such special applications, as for instance, arrangements to avoid 
the use of the expensive and rather inefficient flywheel motor- 
generator sets, must be left for another occasion. 

The various arrangements involving the use of three-phase 
commutator machines make possible the efficient regulation of 
induction motors, but they introduce a new problem in the use 
of the commutator machine itself. The results obtained in 
Europe, where the class of attendants is usually very much better 
than here, have been very favorable, but under American condi¬ 
tions any attempt to simply follow European practise would prob¬ 
ably give disastrous results. As it has been pointed out, consider¬ 
able care must be exercised in the first installations, and we may 
expect difficulties which can only be overcome by a sympathetic 
cooperation between the user and the manufacturer. The use of 
a regulating machine in conjunction with an induction motor 
offers many advantages over the direct use of the commutator 
motor when the speed range is not large, not the least being the 
comparatively low frequency of the rotor circuit. The extensive 
use of this type of machine may be looked for in the future, but in 
any case, to insure success careful application is absolutely neces¬ 
sary. 
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Discussion on “ Power Requirements of Rotund Mulls ” 
(Sykes), and “ The Economical Speed Control of 
Alternating-Current Motors Dkivino Rm lino Mm ls” 
(Meyer and Sykes), New York, Novkmdkk s, HM2, 

John ML Hippie: The general tendency in industrial rcusirr- 
ing is towards refinement in methods and apparatus. Only 
an exact knowledge of those* requirements enable.; us to meet 
them successfully. The steel industry is a nut able example of 
this condition. The making of steel requires higlupower sub- 
stantial machinery, the first demand on the machinery being 
continuity of service. 

When the application ol electricity to steel mills was first, 
taken up, the first motor that was. available which the steel 
mill engineer thought by any chance would do the work, war. 
put in service. If it broke down,a. larger one was put in service, 
and this was continued, until a motor was. secured winch would 
stand up to the service. The same was; t rue et et»m r* 4 a ; jpuralus. 
Tlie tendency was for many years, alter reaching that point, to 
duplicate that application, unless the new application required 
more power, in which east* a larger motor was nod, More 
experience and more exacting requirements have indicated the 
necessity for investigations such as the nee which has been 
undertaken and reported upon in Mr. Sykes' 'paper, 

Such, investigations are sure to advance the cause *4 industrial 
electrical engineering, and, further, to ineren e the economy of 
production, and these arc tin* things that the members of the 
Institute who are interested in industrial engineering arc par¬ 
ticularly anxious to see forwarded, 

J„ Hi Wilson: In looking, over this paper hv Mr, Sykes, 1 
feel that considerable credit is due the author for the clear and 
comprehensive manner in which he has subdivided and e xplained 
the various elements entering into the dHenninatiou o? the 
amount of power required to roll steel in its various forms and 
shapes. Concerning this part of the paper these i; not much to 
be added of a general nature. The only thing that might he 
added would be more complete dam concerning some actual 
installations. 

Referring to the paragraph under the heading ** Practical 
Determination of Motor Sr/e. M in this paragraph Mr, Svkes 
fails to bring out clearly the fact that the utilisation *4 flywheel 
energy is more or less of a necessary e\ il, The u e of a th wheel 
is made necessary in most eases, by consideration.’. »'\tenial to 
the motor equipment, such as I lie supply of electrical energy or 
the arrangement of the mill drive. For example, a sheet mill with 
rope drive between the motor and mill mu a uecee.an] v have 
flywheel effect on the mill side of the ropes, as the power re¬ 
quired for rolling varies so greatly that with the flywheel **u the 
motor side the ropes would jump* run unevenly and he sub¬ 
jected to such variations in pull as in increase materially the 
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maintenance cost. The necessary flywheel effect is usually 
obtained from the large rope sheave wheel. 

The following facts should be noted: 

First .—In order to obtain energy from a flywheel we must 
permit the slowing down of the equipment. This means the 
adding of external resistance to the rotor of the induction motor, 
which in turn results in decreasing the efficiency of the motor 
at heavy loads where efficiency is most important from a power 
consumption point of view. 

Second .—The slowing down of the flywheel in turn slows down 
the rolls and decreases the amount of material which can pass 
through them in a given time. 

Third .—Additional power is required, due to the friction load 
caused by the flywheel. This power becomes of considerable 
importance, as it must be expended all the time, when the mill 
is running idle as well as when rolling steel. 

Fourth .—The use of a flywheel adds expense, due to the 
necessity of maintaining large heavy bearings, keeping them 
properly lubricated and in good mechanical condition. 

The load diagram, Fig. 11 of this paper, is fairly ideal for the 
use of flywheel equipment. The passes are of short duration 
and the interval between passes is sufficiently long to allow the 
motor to re-accelerate the flywheel from a very low speed to 
nearly synchronism. 

In an installation such as this the additional first cost of a 
larger motor would probably offset the savings which would 
result from the elimination of the items shown above as being 
objectionable in the case of flywheels. In case, however, we 
consider a load curve in which the average load is, say, twice the 
average load shown in this curve and the peaks remain the same 
as shown on this curve, the flywheel would probably not be 
warranted, this heavier average load being assumed to have 
resulted from a decrease in the interval between passes. 

The above argument is based entirely on a consideration of 
the power conditions at the mill. If, however, other conditions, 
such as power station capacity and arrangement of the mill drive, 
are allowed to enter into this matter the question assumes an 
altogether different aspect. Assuming that the power supply 
for a rolling mill is of sufficient size so that the maximum fluc¬ 
tuation obtainable from one driving motor or the accumulated 
fluctuation from a number of driving motors is small as compared 
to the total station load, then these questions of economies in 
operation are of first importance. In other words, these econo¬ 
mies might well be sufficient to cover the increase of a motor size 
as much as 50 per cent, which increase would not affect the 
efficiency at light load but would greatly benefit from the elimina¬ 
tion of flywheel expenses. On the other hand, if the power station 
is comparatively small and an individual motor is large in com¬ 
parison to the total average load, then flywheels and automatic 
regulators are necessary, as the economies referred to could not 
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possibly offset the additional cost due to the operation of the 
power station under the extreme variations of load which would 
be met with. These economies could, not, of course, offset 
additional cost which would result from the operation of power 
station machinery below its normal capacity, as the efficiency of 
the generators and driving units would be of considerable 
importance. 

The equipment of individual mills determines the power station 
load curve and the flywheel is more often made necessary on 
account of the fluctuation here than on account of the power 
requirements of the individual mill. 

The electrolytic regulator referred to by Mr. Sykes makes the 
use of flywheels more economical than docs any other type of 
induction motor regulator with which I am familiar. ” This 
regulator permits the operation of the motor and flywheel at 
the highest possible average speed and will cause the* motor to 
re-accelcratc the flywheel much more quickly than will any 
resistance stepping device on the market. 

_ This question of motor and flywheel sizes is one which presents 
different phases in each installation and necessarily must be 
figured to meet local conditions. 

Selby Haar: All engineers who are called upon to become 
familiar with the power requirements of rolling mills will owe 
their thanks to Mr. Sykes, because he has collected facts which 
heretofore have been scattered in a great many places. As long 
as the known laws of the subject are largely empirical, the 
collection of data for generalization will be restricted to the few 
who arc able to conduct the very expensive' and extraordinarily 
difficult tests. As an instance of the meagerness of our knowl¬ 
edge, it may be pointed out that practically all the available 
data relate to iron and steel. 

Mechanical engineers interested in roll driving contented 
themselves generally with measuring the fuel anti water con¬ 
sumption of the engines, so that the electrical engineer entering 
the field was compelled to exercise imagination as well as judg¬ 
ment in recommending motors. liven in the present, state of 
our knowledge, it is still advisable to make a. minute study of 
local conditions before recommending a motor equipment, 
because the steady operation of the motor frequently increases 
the output of a mill beyond all expectation; and an electric 
motor does not, like a steam engine, deliver its maximum capac¬ 
ity continuously without injurious heating. As soon as electric 
motors began to displace steam engines, however, precise testing, 
began; a German manufacturing firm collected n complete 
set of measuring instruments for this purpose alone, with which 
a committee of the Society of German Poundrynien (Veroin 
deutschcr Eisenhuettcnleute) conducted the extensive series of 
tests which is the nucleus of the published data. 

It was fortunate for the testing engineer that reversing mills 
werc> among the first to be electrified, because direct-current, 
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motors were used, which simplified the design of graphic meters. 
Even with the present refined testing apparatus, however, it is 
not clear why there should be such a difference in the nature of 
the results obtained by different experienced engineers, such as, 
for example, results published in Stahl und Eisen , June 9, 1909, 
and Iron Age , January 4, 1912. Both sets of tests show a fluc¬ 
tuating torque for a constant reduction of the thickness of a 
piece during a pass, which is contrary to the usual assumption. 

In the construction of load diagrams for mill cycles, I have 
found it easier to deal with the elongation of the piece rather 
than the actual volume of metal displaced as has been done by 
Mr. Sykes.in Table I of his paper, because this method lends itself 
readily to wide changes in ingot or billet sizes, and also fits in 
well with the working range of the slide rule. 

In regard to the automatic regulation of resistance mentioned 
on page 2064, it should not be overlooked that a regulator which 
can perform its function during passes, the duration of which is a 
few tenths'of a second, must be exceedingly rapid. 

In conclusion, however, I wish to express my thanks to Mr. 
Sykes for the preparation of this paper, which must have en¬ 
tailed a large amount of work; and it is to be hoped that it 
will stimulate the publishing of more data on this important 
subject. ■ 

Edward J. Cheney: With the application of electric motors 
to main roll trains there has arisen the necessity of determining 
with as much accuracy as possible the power requirements for 
rolling steel. With engine drives the size of the engine was rarely, 
if ever, calculated, but was determined almost solely from judg¬ 
ment and experience. If it was known that a certain mill was 
running satisfactorily with a certain size of engine, and a similar 
mill was to be installed, the same size engine would probably be 
used, or, perhaps, a trifle larger for safety. The result of these 
methods is that most rolling mill engines are too large and very 
few are of the proper size. It is not an uncommon sight to see 
engines running which take steam for only one or two strokes 
at occasional intervals. 

Mistakes in engine size are not attended with serious results 
except as regards efficiency and possible handicaps on produc¬ 
tion. If the engine is too* small the mill stalls. The rollers then 
judge that the capacity of the mill has been reached and ease up 
on the work. Most engines have heavy flywheels which will 
carry them over the peak loads and, with steam-driven mills, 
speed variations are tolerated which would not be considered 
with motor drive. 

In determining the size of motors, such haphazard methods are 
not, or should not be, used. If the motor is too large a low 
power factor results, to say nothing of lower efficiency and 
increased first cost. It should be noted that the latter items 
apply equally well to engines, but are not so much considered 
in their case because the error in capacity is not so easily noticed. 
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If the motor is too small the mill will not stop and so compel 
mercy from the rollers, but the over-willing motor will continue 
to turn the rolls until it overheats, and perhaps burns out and is 
cursed for being inadequate. 

This quality of the electric motor, which causes it to take 
enormous overloads without any appreciable change in speed, 
has resulted in a large increase in production in nearly every 
instance where mills have been changed over from steam to 
electric drive, merely because the rollers are then enabled to 
crowd the material through, absolutely regardless of the driving 
motor. For this reason engine tests must always be used with 
caution as a basis for determining motor sizes. 

The electrical engineer must have at hand all of the informa¬ 
tion possible and needs much more than is now available. 
Mr, Sykes has well pointed out the difficulties which are en¬ 
countered in this work, probably tin,* greatest, one of which is 
the ignorance of what any mill will ultimately be called upon to 
do. Considerable progress lias been made in determining the 
power actually required for rolling under various conditions, 
and, particularly in the ease of mills used simply for reductions 
in section without much distortion of shape, fairly reliable data 
are available. This includes blooming, billet, slabbing, and plate 
mills, and mills for rolling simple shapes, such as rods and burs. 
It is on merchant mills that the greatest uncertain! v exists. 
Here a great part of t he work is used not in elongating the piece, 
but lor distorting its shape, or is consumed in friction, as shown 
by the author. For such mills there is no reliable information 
except from actual tests under the exact conditions. This is a 
laborious task but apparently a necessary one. Much has 
already been done, enough to afford approximately correct 
information for most conditions, but much more remains to 
be done before complete data are obtained for all eases. 

While not strictly pertaining to this subject, it may be re¬ 
marked in this connection that the ease* with which power is 
measured in the ease of electrically driven mills is really one 
of the greatest advantages which they possess. This fact 
not only makes possible the accurate determination of power 
for future installations, but is a constant check and guide to 
rolling .methods in the mills already equipped. With engine 
drive little attention is paid to the setting of valves or the 
condition of the rolls, because then 4 is no direct way of determin¬ 
ing the power consumption. But with electric drive the indica¬ 
ting wattmeter faithfully points out and the watt hour meter 
relentlessly records tin* power input to tin* motor, and the 
influence ol various factors is readily seen. The mill superinten¬ 
dent soon learns to watch the meter, lie knows what has been 
the record for any section and any increase in power over that 
record causes an immediate investigation to determine the cause. 
This stimulates activity in searching for further possibilities 
of reduction. Instances have been known where over 25 per 
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cent saying in power has been accomplished by slight modifi¬ 
cations in roll shapes without in any way affecting the quality 
of the product. 

Bayse N. Westcott : I was very much interested in Mr. Sykes’s 
paper, because I have encountered the same troubles in testing 
that he has. Mr. Sykes mentioned the difficulties in getting 
accurate speed . measurements on mills. With an induction 
motor of the slip ring type, you can get very accurate speed 
measurements, because the slip of the motor with a given 
resistance in the secondary is, within reasonable limits, in¬ 
versely proportional to the input, so that if you know the 
characteristics of the motor, or if you can make an experimental 
determination, all that is necessary is to record the input with 
a sufficiently sensitive curve-drawing wattmeter and you can 
determine the speed of the motor at any instant from the record 
of kilowatts input. 

Mr. Sykes did not say anything about steam-engine-driven 
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1—Liquid tachometer and contact 
maker. 

2 and 3—Continuous steam-engine indi¬ 
cators. 

4— Reducing motion 

5— Stroke counter. 

6— Recording instrument 

7— Mill observers. 

8— Electric gong. 


Fig. 1 


mills. They are the most difficult mills to test and also very 
important, because it is the present steam-driven mills which 
are largely being electrified and which mean business to the 
electrical manufacturer. 

In steam-driven mills, one of the first essentials is to secure 
a good record of the horse power developed by the driving 
engine while the steel is being rolled, and the best way to do 
this is to use a continuous drum steam engine indicator. This 
differs from the ordinary steam engine indicator in that the 
paper on which the indicator card is made is a long strip, which 
is reeled inside the drum and feeds around the drum a quarter 
of an inch (6.35 mm.) at each stroke of the engine. Fig. 1 
shows the general layout used in testing steam-driven mills. 

Fig. 2 shows details of recording instruments for speed, time 
and general information regarding work in the mill. These have 
pens actuated by magnets, which mark on a strip of paper which 
is moved at a uniform rate beneath the pens by a spring motor. 
In most cases three pens are used, marked A, B and C in.the 
figure. A is actuated by a contact maker, which is’ driven 
from the engine shaft or other convenient place so as to com- 
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plete the circuit of magnet A several times for each revolution 
of the engine. The number of contacts per revolution depends 
on whether the engine is of high or low speed. Pen B is con¬ 
trolled by a contact-making clock, which is regulated to close 
the circuit of B once in every live seconds, or at shorter inter¬ 
vals if preferred. In addition to actuating B, the contact-making 
clock also closes the circuit of an electric bell, or in some cases, 
that of an electrically operated whistle. The third pen C is 
controlled by a manually operated key located at the rolls. 

In addition to the foregoing, a liquid tachometer, consisting 
of a small centrifugal pump which raises a column of colored 
alcohol to a height depending on the speed at which the pump 
is driven, is used to indicate speed variations of the engine. 
A stroke counter is connected to the engine to record strokes and 
furnish a check on the graphic instrument. 

The equipment described will secure an accurate record of 
the power that is furnished the mill. 

Speaking of graphic meters, Mr. Sykes said that in using the 
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graphic meter the pen should not touch the paper. We used 
successfully a high-speed graphic meter, with a pen which used 
ink, and which did rest on the paper. We used a paper speed of 
about 30 in. (70 cm.) per rain., which is oulv half the. speed used 
by Mr. Sykes, which was one in. per see., or 00 in. (102 em.) per 
min. I suppose the paper in the tests referred to by Mr. Sykes 
was driven by an electric motor. On our graphic meters we’had 
spring motors, which, of course, arc; not as good as an electric 
motor drive for the paper. 

The chief thing about instruments for use in steel mill testing, 
especially in commercial testing, is that they must be reliable. 
They must be hardy, as they have to be shipped around the 
country by express to various mills and they arc liable to rough 
treatment. 

David M. Petty: I would ask Mr. Sykes if he has any figures 
which show the relative kilowatt-hours necessary, for a given 
reduction, with a fast or slow rate of displacement. 1 refer to 
the paragraph in his paper headed “ Rate of Displacement.” 
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Fred Bickford Crosby i Messrs. Meyer and Sykes have pre¬ 
sented for. our consideration a problem of especial interest to 
every engineer concerned with the application of mechanical 
power. In the manufacture of steel the introduction of the 
direct-current motor brought about revolutionary changes in 
established methods.. With the advent of the polyphase induc¬ 
tion motor the superior advantages of alternating current were 
quickly seized upon, particularly where power in large quantities 
must be distributed over a considerable area. Today, even for 
the largest drives where only a single constant speed is required, 
the high efficiency and substantial simplicity of the induction m otor 
leaves it practically without a competitor in new installations. 
With all its good qualities, however, the induction motor for 
certain classes of service possesses two undesirable characteristics 
—power factor and inability to secure adjustable speedregulation. 

Multispeed induction motors with changeable pole connection 
to give a 2 :1 speed ratio or with separate independent windings 
to give some third speed, have in many instances proved a 
satisfactory compromise for adjustable speed control. The 
efficiency of such a machine may be fairly high for each of the 
several synchronous speeds, but the power factor is invariably 
poor at the lower speeds. With rheostatic control the power 
factor is reasonably high at all speeds, but, since with constant 
h.p. output the slip energy dissipated is directly proportional to 
the reduction in speed, the low efficiency encountered renders 
continuous operation at reduced speeds prohibitive. Further¬ 
more, the induction motor with rheostatic control has an un¬ 
fortunate tendency to accelerate automatically as the load falls 
off. Direct or differential concatenation of two single motors or 
of a multiple-wound induction motor has been employed to 
secure as many as six independent synchronous speeds for a 
single set, but only at a heavy sacrifice in simplicity and other 
desirable features. 

Until recently it has been practically necessary to resort to 
direct-current motors to obtain strictly adjustable speeds, that 
is, several independent speeds, each constant under variable 
loads. 

Recently there has been a steadily increasing demand for 
an adjustable-speed alternating-current motor. In recognition 
of this demand the company with which the writer is connected 
has for nearly two years been carrying on a series of very thorough 
investigations, both theoretical and experimental, to determine 
which of the numerous schemas suggested for obtaining shunt 
speed characteristics is commercially feasible. The company is 
now prepared to furnish speed-regulating sets for use with 
standard phase wound induction motors. The form which these 
sets will take depends very. largely upon the requirements of 
the installation in question. Of all the schemes suggested two 
have successfully withstood the test of actual installation. 
Either of these methods will give a uniformly high efficiency and, 
if desired, unity power, factor throughout the speed range for 
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which the set is designed. In general, power factor correction 
above 95 per cent is not recommended, since the higher per¬ 
centage correction is obtained at an expense wholly dispropor¬ 
tionate to the benefits resulting. 

The first of the two methods advocated employs a compen¬ 
sated commutator motor which transforms the slip energy of the 
main motor into mechanical energy and drives a high-speed 
induction motor connected to the supply main, slightly above syn¬ 
chronism, thus causing it to operate as an induction generator 
and return electrical energy to the system. This scheme has 
proved especially satisfactory for 25-cycle systems and speed 
regulation not exceeding 30 to 40 per cent. These sets are also 
practicable for 60-cycle service, provided the regulation required 
is not too great. 

For regulation in excess of 50 per cent where the slip fre¬ 
quency is high and the output large, the second method is 
usually preferable. In this case a special synchronous con¬ 
verter is used which transforms the slip energy to direct current. 
This in turn is used to drive either a high-speed d-eva-e. motor- 
generator set for returning energy to the system electrically, or 
to drive an adjustable-speed d-e. motor mounted on a shaft 
extension, of the main motor. 

It should be distinctly understood, however, that these 
sets are not a universal panacea for chronic speed difficulties. 
Each is subject to limitations, but of all flic various schemes 
proposed the two which I have mentioned appear to be by far 
the most satisfactory from the viewpoints of practical design, and 
economic operation. Some of the other schemes appear more 
simple in diagram, but I believe will be found to involve serious 
difficulties both in electrical and mechanical design, part icularly 
in those cases where it is proposed to pass the entire slip energy 
through the regulating transformer. 

In spite of the very real advantages which these regulating 
sets possess’for the various classes of service mentioned, there 
are still occasions when sound engineering will warrant only 
the use of direct-current motors to meet the requirements of 
adjustable speeds. 

I recently had occasion to investigate the comparative char¬ 
acteristics of a 350-h.p, mine fan motor with rheostatic control 
and with commutator motor regulating set arranged to give 20 
per cent speed reduction, with the following interesting results: 
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On the basis of 0.6 cent per kw-hr. the saving per annum 
effected by the higher efficiency of the regulating set would be 
approximately $2700. 

Another interesting case involving a 6500-h.p. motor with 
the synchronous converter and motor-generator designed for 
40 per cent speed regulation gave the following results: 


Rev, per min. 

Over-all efficiency 

Main motor 

Regulating set 

Rheostatic control 

85.6 

87.0 

73.5 

75.0 

83.7 
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64.3 
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The arguments of complex control often used against the 
speed-regulating set lose much of their weight in view of the 
present excellence of automatic magnetic control and the increas¬ 
ing tendency among steel mill engineers to place the motor with 
all accessory control in a room separate from the mill. 

L. T. Robinson: I wish to make one general remark, and to 
refer specifically to one point in Mr. Sykes’s paper. The general 
remark is that I think we have been much benefited by the 
discussion of methods of measurement, together with the general 
subjects to which they are related. There is very seldom an 
engineering problem that does not involve some problem of 
measurement, and to get the most good out of the whole thing 
it is well to take them up together, as they have been in this 
discussion. 
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The specific point I wish to raise is in connection with the 
spark method of recording. I was much interested in the refer¬ 
ence to that method—it brings out the fact that one thing, 
although it may be good, is not always useful to cover every 
condition that comes up. The advantages of this spark method 
of recording are quite obvious, but, in my experience, it has 
some disadvantages. 

The paper which is used for the record is somewhat irregular 
in thickness, and in getting a difference of potential between 
plate and pointer that will strike through in a satisfactory 










2106 


ROLLING MILLS-—SPEED CONTROL 


[Nov. 8 


manner, you encounter two troubles—first, if you use a high 
potential that will strike through rather definitely, vou are 
likely to run into trouble with electrostatic effect between the 
pointer and the frame of the instrument; second, sometimes 
there is a tendency to puncture at a point not directly under- 
neatn the needle, especially if a comparatively low difference 
of potential is used. This means that you must develop a 
considerable difference of potential, and guard successfully 
against the electrostatic effects by using a considerable torque 
o get the same degree of precision that you can get in other ways! 
, show what means have been employed in the instruments 
that have been referred to by some of the previous speakers to 
overcome the effect of friction on the paper, etc. (See Pig.’ 3 .) 
Friction is minimized by an arrangement to feed the ink bv 
capillary action, leakage on to the paper being prevented by 
surface tension at the recording point. The arrangement will not 
leak, and the ink will flow freely, and it can be adjusted to the 
paper so that it is m very lightcontact, and after the pen starts, 
point im ^ coirl:act the ink and paper and not of the pen 

_ H. L. Barnholdt (by letter): When determining the motor 
size during the early stages of. introducing electric rolling mill 
drives, the tendency was to follow the steam engine practise 
in many cases, t.e., to use a motor large enough so that the first 
thing to break would be some part of the mill rather than the 
2+ 01 rt, •‘■■“S, no doubt, was good practise with the meager 
data then on hand m regard to the power requirements, as it 
would have been poor policy to run much risk of the motor 
breaking down when endeavoring to introduce the electric 
,,Y e - , at the present time the economy of electric 

rolling mill doves in general, as compared with steam drives, has 
been fully established, competition has made the question of 
further increasing the economy of these drives one of great 
importance. Not only can the initial investment be made low 
by selecting a motor of proper capacity to handle the require- 
ments but the performance of such a motor will be superior 
to that of a larger motor running underloaded. The ease and 
fl!fV aC / which the electric power consumption of these 
fluctuating loads can be determined, as compared with steam, 
bring the subject of rolling mill practise to 
a more scientific basis. It also enables the motor manufacturer 
to woric closer on the design and still be within limits of safety. 

G. E. Stoltz (by letter) : Mr. Sykes has mentioned the diffi¬ 
culty in obtaining the tonnage output of a mill from the opera- 

wbfnh I ”?? knowm S th e peripheral speed at 

which the metal is rolled and the method of handling the material, 

u 1S a ?<l uaint e<i with this phase of steel mill work 

if SaMrof ?omng! imate ** Cl ° Sdy the ° UtpUt which the miU 

It has been stated that it is the practise of some engine builders 
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to supply an engine large enough to break some part of the mill. 
This seems to be rather an expensive method of playing safe. 
Of course, in the absence of the necessary data to make an 
intelligent calculation of the power required, it is easy to see 
why the engine builder is willing to install an unusually large 
engine, provided the customer can be persuaded to pay for 
apparatus of such abnormal capacity. By the use of such a 
method for determining the size of engine, it would be only 
natural to simply guess at the size of flywheel. Supposing the 
flywheel should be too small, the engine must take more than 
its share of the peaks. With this condition the engine builder 
may be misled into believing that his engine is none too large. 
Very comprehensive data are necessary to determine definitely the 
size of motor and flywheel required, considering the two as 
a unit, their relation to each other depending to a large extent 
upon the type of control used. Almost any engineer can specify 
the drive of a mill if he is allowed a large factor of safety, but 
good engineering and commercialism demand accurate knowledge 
of the subject. 

It is stated that a low rate of displacement probably requires 
less power than if the metal were rolled quickly. Could this be 
attributed to greater slippage between the metal and rolls at 
high speeds, which would introduce greater friction? 

One of the advantages of automatic speed control is that the 
losses in the external resistance of a motor are reduced to a 
minimum. It is well known that very often rolling mills run 
idle a fairly large percentage of the time. During light load the 
secondary resistance is automatically short-circuited, which,, 
with no losses occurring in external resistance, gives the best 
possible efficiency. With fixed resistance in secondary, energy is 
dissipated in this resistance, which makes it impossible to obtain 
a high efficiency even at light load. 

I note that in Table I of Mr. Sykes’s paper the last four columns 
of passes one and two have been left blank. This has probably 
been done not to complicate the calculations too much. It is 
evident that the motor can return 2197 h.p-sec. during the five 
seconds interval, but during the intervals after the first and 
second passes, only 1092 and 2167 h.p-sec. are required, respec¬ 
tively, to bring the flywheel up to speed. This is true only of the 
first slab put through the mill after the motor has been running 
idle long enough to come up to light-load speed, but if the 
schedule is followed as shown in Fig. 11 when the second slab 
enters, 1135 h.p-sec. are still required to bring the flywheel up 
to light load speed. This shortage is made up during the inter¬ 
vals after the first and second passes by the motor returning 
2197 h.p-sec. to the flywheel in each case, instead of 1092 and 
2167, respectively. 

Wilfred Sykes : In Mr. Wilson’s discussion of the first paper 
he refers to the use of flywheels being a necessary evil. That 
is quite true. But the flywheel makes it commercially feasible to 
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drive rolling mills electrically, widen, in the maturity of ease* 
would otherwise not lx* possible. The diagram* referred to* h 
the discussion, that is, tin* one given in the paner, is actual! 1 
made up from (casts on a plan* mill, it: fact, it is the mad: of thi 
test, modi hed somewhat to give it in round t inn re , bu; ibj* a! 
practical purposes they are the lest figures obtained. 

Mr. Wilson refers to the possibility of carrying the peak load 1 
to the power station. The universal complaint' ihnl\.nw hear 
from the operators in steel mills is that * their power station* 
arc all fully loaded, and they never have enough eencratoi 
capacity to carry the load, and anything that produces a pent 
is about the most undesirable thing they ran think of, next *n 
something that will give them a bad power factor. 

Mr, Haar in his discussion referred to dir deferences that 
exist in tests that have been published. 1 have stalled sunn* ui 
these tests rather closely, ami 1 believe a good deal of the differ¬ 
ence is due to the method of testing. Some gears av*n 1 had 
some work to do, involving such testing, and a we did not know 
befote stai ting wltat the difileultita wt re, wr ; on. all sorts oi 
results, and exactly the same thing occurred in tests referred tu 
in this discussion. That is why it was. necessary fit mala* a 
preliminary test extending over about two mouth: , b funk that 
time to train the people so that they would operate the instru¬ 
ments properly and get the information accurately. One of tin* 
most difficult things was to get all tin* informal ion, in tin* first 
place, and alter we had the observers trained properly so that 
they would get all the information, the next difficult v was to 
get the information correctly. The preliminary results which 
were obtained varied several hundred percent and were wholly 
unreliable. It was alter the people had been trained for a couple 
oi months to work together that they reached ueh a stale of 
perfection m their operations that flaw could m into a mill and 
make tests which would be reliable from the beginning. 

A great deal of tins trouble* was due to the fact that we did not 
appieemte the necessity oi calibrating our apparafu •; often 
enough. We thought if we ealibrafed it once a day it was all 
right. Actually, we found we had to calibrate the apparatus 
after every test,and that is not an easy proposition,and involved 
the employment ot a great many instruments, 

Mi. ( heney Iiuk l»rnu,«]it out, v**ry well the subject uf power 
fact,iir. If, is often asked, " Why don't von put in a motor that 
is bij' wimiKh ft* vart-y the load, rut that there will he no doubt, 
about ig In some eases they have sueh mueinnes, and they 
do not, know Jiow to run the generalj„,. station:; on aeeount, of 
Hie low power factor, 

MrWesleott referred to the tests „„ team driven mills. 
In that, connection I tlmik it miylit be well to refer to a tvne 
oi steam unheal nr that, has bee,, developed j„ |,, R,,;, 
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closed diagram the lines get so mixed up that in many cases you 
cannot make out where one diagram begins and the other 
ends, and under such circumstances it is difficult to get accurate 
results. Instead of using a closed diagram Rosenkranz brought 
out an arrangement of diagrams which has the appearance of 
an ordinary graphic recording meter chart. This indicator 
makes it possible to make fairly reliable tests and secure reliable 
results from steam mills, where it was not possible to obtain 
very consistent results with the ordinary closed indicator diagram. 

Regarding the method used for obtaining the section when 
rolling heavy materials, such as angles, channels, etc., we have 
managed to persuade the mill people in a great many cases to 
run out a piece after a pass so that we got a section of it. We did 
not always succeed in doing this. If they were not very busy 
we managed to get them to do it,, but it was not always easy. 

The paper was driven from a countershaft, all instruments 
being driven by the same countershaft, and the whole thing 
driven by a little motor, from a storage battery, or sometimes 
directly from the lighting circuit. The speed stated in the paper, 
of one inch (25.4 mm.) per second, was not always used. We 
arranged the speed according to the class of mill with which 
we were dealing. If we had a rapidly fluctuating load the high 
paper speed was employed. If the load did not fluctuate, then a 
lower speed was used. In all of these tests we never succeeded 
in getting the people to slow down their mills to accommodate us. 
All the tests were made while the mills were running at their 
normal rate of production, and that complicated the matter a 
good deal. 

Mr. Petty asked if any information was available as to the 
effect of the rate of displacement. The effect of the rate of dis¬ 
placement is not very great, so far as I can determine, and the 
whole thing is so covered up with other factors, that I am 
doubtful, without making a series of investigations especially 
with that object in view, if it is possible to say definitely what 
effect it has upon the power requirements. 

Referring to Mr. Crosby’s discussion, there is no doubt that 
the separation of the electrical equipment from the mill is an 
important factor in insuring satisfactory operation and this is 
practically the universal custom, but this does not obviate a 
number of difficulties that occur with complicated control 
apparatus. 

Regarding the use of three-phase commutator regulating 
machines, it has been pointed out that such schemes have the 
general drawback that they require good attention, more so 
than is usually given apparatus in steel mills in this country. 
However, the general use of 25 cycles in our mills makes it easier 
to design good machines than is the case in Europe, where 50 
cycles is nearly always used. This is especially true of the re¬ 
volving field type. The regulating schemes involving the use 
of a synchronous converter in the rotor circuit are, on the other 
hand, placed at a considerable disadvantage on account of the 
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m our paper some of the lines along which improvements can 
be made. Other systems promising further improvements are 
receiving attention, but cannot be discussed at present. 

This brings yup the point, in connection with mining work, 
especially in this country, that you must look out very carefully 
for anything that introduces complication. The more machinery 
or control apparatus you have, the more trouble you will have 
with the system. 

. The point brought out by Mr. Robinson covers one of the 
difficulties we ran into. It is quite true that the spark has a 
tendency to jump around, and we found it was necessary to make, 
pretty careful arrangements to insure that the paper went 
evenly over the board in which the plate was recessed. Then, 
in addition to that, we had to use a special paper, to avoid 
spreading of the spark. We also found out that the material 
used for the spark point had a great deal to do with the matter. 
If we used platinum and shaped it properly we got good results. 
We used rather a light spark, which did not burn the paper, but 
the puncture could be distinctly seen by holding the paper to 
the light. After the test was made, the sheet of paper was 
placed on a plate of glass and the curve drawn in by hand. In 
that way it was possible to avoid the difficulty of the spreading 
of the spark, and I do not think in any case the mark of the 
spark was more than 0.01 in. (0.25 mm.) wide in the tests we 
made after the preliminary experiments were made. 

A. Dyckerhoff (communicated after adjournment): In 
going over the paper on The Economical Speed Control of Al¬ 
ternating-Current Motors Driving Rolling Mills , it occurs to me 
that some statements made in this paper are misleading, and 
also that many points are not brought out which should be men¬ 
tioned. While I do not wish to invade the territory of the rolling 
mill engineer, whose task it is to find out the best rolling methods, 
and to whose needs the electrical manufacturer has to adapt 
his machinery in ways consistent with the best engineering prac¬ 
tise, I wish to make a few remarks as an electrical engineer con¬ 
nected with steel and rolling mills. I feel myself the more quali¬ 
fied to speak since I had a very good opportunity during the past 
summer to study in Germany the question of economical speed 
regulation of a-c. motors, and its reliability in practical appli¬ 
cation under severe conditions. 

The objection may be made that the rolling mill practise in 
this country is more severe than in Europe, and requires also, 
on account of the more or less unskilled labor, machinery of the 
most heavy construction and with practically fool-proof control. 
It will be seen, however, from the following statements, that all 
such objections to the adaptation of similar devices can be easily 
overcome. These devices are selected for their value in giving 
more definite speed control as a refinement in the art of rolling 
steel, and for cheapening the cost of producing rolled steel through 
more efficient operation. 
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The statement is made that speed regulation on merchant; 
mills depends greatly on the class of labor, operating the. mill. 
Naturally a certain gang will have to be trained for a particular 
mill or class of work, but the lack of skilled labor should not 
impose the necessity of providing arrangements for speed regu¬ 
lation which would otherwise be unnecessary. In the case of 
merchant mills of the continuous type for high production the 
rolling process is almost automatic, and when steel is being rolled 
at very high speed, e.g., in three-high rod mills, unskilled manual 
labor can be almost entirely dispensed with by using guides 
leading the metal from one pass to another. 

It is the nature of the rolling process that merchant mills with 
a wide range of work require speed adjustment, particularly 
mills rolling refined material such as tool steel, spring steel, etc., 
where accuracy of section is necessary. This applies especially 
to mills running at low speed and rolling higher grade sheet and 
tin plate, stampings for electric machinery, etc. In. most of 
these cases speed adjustment is essential for reasons of quality 
of metal and finish of product. Metal of this kind is often 
worked at low temperatures, thus requiring more power, bince 
many firms rolling such material do not own electric power 
plants, but have to buy electric power, they are particularly con¬ 
cerned with putting in the most economical speed adjustment 

devices they can get. . , , ... 

There are certain other applications where speed 1 emulating 
devices are desirable in order to secure better opeiating con¬ 
ditions. Continous mills, a type much in evidence in this country, 
may offer possibilities for great improvement in conditions, due 
to their large output. Where the range of product of an existing 
mill is increased by adding several roll stands, a small regulating 
set attached to the roll motor may increase its output sufficiently 
to carry the entire load under the new conditions, whereas a 
larger motor would be otherwise required. 

Rheostatic Control. It is pointed out above that m many 
cases a steady speed regulation is required, for rolling reasons. 
It follows that a resistance control cannot, for inherent reasons, 
give as good results as can be obtained by the new speed regula¬ 
tion devices, even if an automatic regulation of the resistance 
is applied so as to vary it inversely with the load. In ordinary 
merchant mills a speed regulation of from .10 to 15 per cent of 
synchronous speed, obtained by rheostatic control, may be just 
as economical under certain conditions as that obtained by 
regulating sets, and being more practicable is therefore more 
desirable. That a rheostatic speed regulation of 25 to 30 per 
cent can be just as economical as that obtained with any other 
auxiliary arrangement, not considering the question of satis¬ 
factory operation, is an assertion that will not hold true in ordi¬ 
nary practise. In the example cited of a jobbing mill carrying 
full load only 20 per cent of the running time, a conditionals 
illustrated that is rarely met with, as it means bad mill practise 
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and excessive costs due to light running. Furthermore, several 
points are omitted which should be taken into account. First 
of all, the power factor on the motor decreases with the rheostatic 
regulation considerably; further, the efficiency of the converting 
equipment, including transformer, is rather low (about two per 
cent higher could be obtained at full load and three per cent 
higher at light load with a proper arrangement). I assume 
that the transformer mentioned was connected between the rotor 
ring and the converter, but the transformer, however, can be 
entirely dispensed with, since it does not assist in the cheapening 
and improving of the arrangement in any way. There is also 
an improvement of the power factor on the motor to approxi¬ 
mately 100 per cent over almost the entire range of regulation, 
which means that a motor of a smaller rating could eventually 
be chosen. Any of these points should be fully taken into ac¬ 
count; however, none has been mentioned. It is not rang but 



PER C.ENT SPEED-REGULATION 


Fig. 4— Efficiencies of Various Regulating Systems in Relation 
to. Speed Regulation 

m Synchronous converter—d-c. motor system (Kramer). 

® h - *- 

(3) Schetbius^Iystem. Main motOTylOOO h. P.. 363 rev per min. 

(4) Rheostatic control. Motor—1200 h. p., rev. per nun. 

fair to consider the efficiencies of the different regulating sets and 
rheostatic regulation under equal conditions as found in ordinary 
SaSLe and S leave out entirely exceptions due to certain 
W^ conditions This assumption of general conditions is 
atettlted by “he corves in Fig 4 of this discusaon, which are 

When dealing with a motor aira^ea 1 V interme- 

' arrangement provides for a few speed steps omy, 
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diate steps being obtained by inserting resistance. The power 
factor of such a motor is poor, consequently the generators and 
lines are loaded unnecessarily with current. In the case of 
two motors in cascade this feature of a low power factor is still 
more doubtful, the cascade motor forming a high inductive re¬ 
sistance for the main motor, thus resulting in high wattless 
current in the system. If there is a choice between a multi¬ 
speed motor and motors in cascade, the former is preferable. 
The latter arrangement is used in very few installations in this 
country as well as in Europe, where they have been using d-c. 
roll motors, which are so ideal as to speed regulation, to a greater 
extent than in this country. 

Regulating Sets . There are four different kinds of regulating 
systems in successful operation: 

1. Induction motor with synchronous converter, feeding 
d-c. motor, connected mechanically to shaft of induction motor, 
known as the Kramer set. 

2. Induction motor with three-phase commutator motor 
coupled to same. 

3. - Induction motor connected electrically to three-phase 
commutator motor which drives induction machine feeding back 
to the line, known as the Scherbius set. 

4. Induction motor with frequency changer feeding its 
secondary energy back to the line, known as the Heyland system. 

Application . The nature of rolling processes generally requires 
high torque and low speed for heavy stock, and low torque and high 
speed for light sections, and also, when rolling a certain section, 
high torque at low speed is necessary for the first passes and light 
torque and high speed for the last passes.. The rolling mill 
is therefore entirely a constant output proposition, i.e ., the torque 
increases with decreasing speed, whereas in the case of fans, 
blowers, and pumps, low torque is wanted at low speed. From 
this it follows that the d-c. motor system (set No. 1) and the 
three-phase commutator motor cascade (set No. 2) are in their 
nature more adaptable for roll trains than any other system, 
of which two the latter is preferable on account of requiring 
only one additional machine and converting the secondary energy 
of the induction motor directly into mechanical power. I know 
of installations where such sets, arranged for a regulation of 
more than 30 per cent on merchant mills, are operating very 
satisfactorily. This country is more fortunate than Europe 
in using 25-cycle circuits for steel mills, which makes the design 
of three-phase commutator motors easier, although the output 
is limited. The maximum speed regulation in operation with 
the Kramer system is somewhat more than 60 per cent in con¬ 
nection with an induction motor of 1000 h.p. There is under 
construction a set calling for the regulation of a 2000-h.p. motor 
over a range of 55 per cent. The two systems, Kramer and 
d-c. commutator motor cascade, thus respond, to a great ex¬ 
tent, to the needs of rolling practise, but this does not do away 
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with the great usefulness and adaptability of the other systems. 
Some of the merits of the remaining systems are as follows: 
(1) they are very suitable for a high range of regulation; (2; 
they can be designed for their most suitable speed; (3) they can 
be placed independently of the mill itself; (4) they possess certain 
other advantages mentioned in the course of the discussion. 
Thus far a Scherbius set is operating in connection with a roll 
motor of 1800 h.p. with a speed regulation of 50 per cent, and a 
Heyland frequency changer in connection with a 900-h.p. 
motor for approximately 45 per cent regulation. It a choice 
is to be made between the three-phase commutator motor cas¬ 
cade and the Kramer set, the former is preferable for a roll motor 
running at high speed for a limited range of speed regulation, and 
for motors at medium speed and speed regulation usually met 
with, say, up to 65 per cent, the Kramer set is preferable; and 
for low-speed motors with wide range separate regulating 
sets should be chosen. Thus far the Kramer set seems very 
adaptable for this country, as the design of the synchronous 
converter has reached a higher stage of development in the United 
States than in Europe; its reliability is proved by its extended 
use in power stations and railroad service, and its operation is 
familiar to attendants. Also, the three-phase commutator motor 
cascade promises, from its successful operation as single-phase 
motor in railroad service, to be a reliable asset in steel mill 


drives. . ^ ^ A 

Number in Operation. It is interesting to note that approxi¬ 
mately 57 motors with a total rating of approximately b4 006 
h.p. (continuous rating at high speed of mam motor only) are 
eauipped with economical speed regulating devices, of systems 
12 3 or 4. Of this 64,000 h.p., motors totalling approximately 
17 000 h.p. are under construction or are intended for speed 
regulation. The total amount of 64,000 h.p. is distributed 
among the different systems approximately as follows: 
Synchronous converter-d-c. motor system. o/ per cent. 

Three-phase commutator motor cascade. 18 per cent. 

0£ C tiSs64 OOcTb g p r a S pproSmately 12',000 h.p'. is driving fans, 
blowers andpumps, and 45,000 h.p. is driving roll trams, the 
distribution of which on the various systems amounts approxi- 

ma Syn y chr°o'nous converter-d-c. motor system. 75 per cent. 

Three-phase commutator motor cascade. P cent 

chronous converter-d-c. motor system i p 17 000 h.p. 

system is also supplied for a great amount ot tne if, 
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under construction. The frequency changer system was brought 
out only about two years ago, which accounts for its small share. 

Efficiency . Besides having a reliable operation it is of the 
greatest interest to learn what efficiencies have been obtained 
in actual service. Fig. 4 (see Electrische K mfthetriehe and 
Bahnen , 1912, No. 21) shows the over-all efficiencies of three 
systems with their respective motors compared with rheostatic 
control. These motors are driving fans, are approximately of 
the same output, and therefore permit the direct comparison 
as shown. From this it will be seen that the synchronous con- 
verter-d-c. system gives the best efficiencies, followed bv the 



Fig. 5 ICfficiency Curves for Si* Fail) Regulation hy means of 
Three-phase Commutator Motor on Role Motor Shaft com 
pared with Rheostatic Control* Main Motor 
1000 11. P., aiiO REV. PF.R MIN. 

frequency changer system and the Scherbins system, which 
operate practically at the same efficiency. I understand that 
the efficiencies of the latter two have been increased lately. 
Further, the curves show that the efficiencies of the Kramer 
set and rheostatic control are approximately the same at 4.5 
per cent speed regulation, and those of the frequency changer and 
Scherbins system and rheostatic control the same at approxi¬ 
mately 7 per cent.' This means that a speed regulation above 
4.5 per cent and 7 per cent, respectively, in these particular 
cases, is therefore more economical with regulating sets than with 
rheostatic control. The synchronous converter requires ap¬ 
proximately at least two cycles for operation free from hunting, 
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which means that with a frequency of 25 cycles, as used in steel 
mills, operation for less than about 8 per cent speed regulation 
will not be very satisfactory. 

Fig. 4 does not give the efficiency of a three-phase commutator 
motor cascade set; this, however, can be taken from Fig. 5 
(see Electrische Kraftbetriebe tend Bahnen , 1910, Nos. 6 and 7), 
showing efficiencies of such a cascade set compared with rheo¬ 
static control. It will be noted that such a set has an efficiency 
approximately two to three per cent less than the synchronous 
convertcr-d-c. motor system. 

For comparison of a three-phase commutator motor cascade 
set with a Scherbius set Fig. 6 (see Electrische Kraftbetriebe und 
Bahnen , 1910) has been prepared, and it will readily be seen 
that the three-phase commutator motor cascade is superior 
in efficiency to a Scherbius set by several per cent, depending 



PER CENT OF FULL LOAD TORQUE 


Fig. 6—Efficiency Curves for Speed Regulation by means of 
Scherbius Set, with and without 5 per cent Speed Drop from 
No Load to Full Load for 10, 15, 20 and 25 per cent of 
Normal Speed. Main Motor— 1000 h. p., 360 rev. per min. 

on the amount of regulation and on the torque. The efficiency 
of the Scherbius set is better than if there is a roll motor and a 
three-phase commutator motor operating at a very low speed. 
How far the efficiency is affected by a speed drop of 5 per cent 
from no load to full load, so as to obtain energy from the fly¬ 
wheel, is shown by the dotted lines. This disadvantage of a lower 
efficiency of the Scherbius set, however, is rather compensated 
by other advantages. In connection therewith, I would men¬ 
tion that by means of such a set 18 to 20 per cent of the 
energy taken by a roll motor of 1800 h.p. at 375 rev. per 
min. driving a rod. mill was actually returned to the line, this 
being the average over several months and measured by actual 
readings of integrating wattmeters. . A 
Power Factor. With any of the regulating sets mentioned, 
the power factor of the circuit has been brought to ^ unity and 
the sets operate usually under this condition. A high power 
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factor is the more important since the output of an existing motor 
can be increased, or in a new plant a main motor of smaller output 
can be chosen, under proper conditions, by adding are gulating 
set or a three-phase commutator machine as a phase compen¬ 
sator. Fig. 7 shows that unity power factor has been obtained 
with the synchronous converter-d-c, motor, the Scherbins and 
the Heyland frequency changer systems. The same result can 
also be obtained with a three-phase commutator motor cascade, 
but not, however, with such a simple device as with a Kramer 
set, where merely the excitation of the synchronous converter 
is regulated till unity power factor is obtained on the motor. 
The same effect can very easily be secured with a frequency 
changer; first, either by shifting the stator of the motor driving 
the frequency changer or, second, by means of double induction 
regulators if the frequency changer is connected to the main 
motor by means of a gear. Both of these methods are in success- 
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PER’CENT SPEED-REGULATION 


Fig. 7—Power Factor of Various Regulating Systems 
tion to Speed Regulation 


IN RkLA- 


ful operation. The disadvantage of the rheostatic control as 
compared with regulating sets is borne out by curve 4 of Fig. 7 
of this discussion. 

Control. A word may be said as to control, which is of such 
importance for successful operation. In most cases it is required 
to arrange the control so that it is fool-proof. Comparing the 
control for any regulating system with, for instance, that of a 
multi-speed roll motor, it will readily be seen that one is prac¬ 
tically no more complex than the other. The sequence of switch¬ 
ing operations in connection with regulating sets is very simple, 
and in all instances mechanical or electrical interlocks can be 
provided. Under certain conditions, e.g., with a frequency 
changer, synchronizing is necessary, and this can be done by 
automatic synchronizers. 

In a great many installations phase-potential regulators have 
been used successfully, although this arrangement involves 
higher cost. The potential regulator has also been used in con- 
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junction with, the synchronous convcrter-d-c. motor svstem, 
connected between the rotor of the main motor and the converter’ 
but not to the advantage of the regulating system, because of 
such, drawbacks as additional high cost, large converter lower 
efficiency, etc. “ " ~ 5 

There is another important held of application of the three- 
phase commutator motor in connection with an induction motor 
and flywheel. This application is the more important in this 
country as the three-phase induction motor is being much used 
in connection with roll trains, whereas in Europe, due to other 
conditions, a great number of reversing mills are in operation 
which require a flywheel motor-generator set interposed between 
the line, and the roll motor. This arrangement involves a triple 
conversion of energy from the switchboard in the motor room 
to the roll necks, and accordingly heavy losses. The tendency 
in this country is mostly to use the electric energy directly in the 
roll motors, thus requiring from the switchboard to the roll 
necks only one conversion of energy and saving the losses imposed 
by two more conversions. 

It may be desirable to smooth out the peaks on the line where 
a motor drives the roll train directly, and in such cases a flywheel 
set with induction motor and three-phase commutator motor 
can give very good service. It is mainly the task of the three- 
phase commutator motor to enable the three-phase induction 
motor to act as a generator below synchronous speed, taking its 
energy from the flywheel and supplying current to the line. 
At the same time, the three-phase commutator motor takes care 
of the economical speed regulation of the induction motor. 
The whole arrangement can be made automatic. 

A similar application of a three-phase commutator motor 
may also be useful in connection with an Ilgner set for the pur¬ 
pose of improving its efficiency. 

The above points rectify some erroneous statements made in 
the paper and outline what really has been obtained under actual 
operating conditions in Europe, which same conditions hold 
true to a great extent in this country. 

In regard to the systems described on page 2084 and following, 
I would say that the above statements of a general nature which I 
have made hold true also for the new regulating arrangements, 
especially as to the adaptation of frequency changers to roll 
trains. These systems apparently represent some simple features, 
but so far are not yet proven by practical application, as far as 
I know, and the results will be awaited with interest. If there 
are any such installations I should like to know where they are 
located, also the output of the motor and the amount of regula¬ 
tion. I would further like to know for what theoretical reasons 
synchronizing of the frequency changers is not necessary,, al¬ 
though I can anticipate the means for synchronizing which might 
be applied. 

The main part of the switching arrangement of the frequency 
phanger, as shown in Fig. 9 and Fig. 10 of the paper, and also 


2120 


ROLLING MILLS—SPEEL CONTROL 


[Nov. 8 


of the three-phase commutator motor, Fig. 11 and Fig. 12, will 
consist of the control of the stator winding. These windings 
will have to have many taps in order to obtain a sufficient number 
of steps and thereby fine speed regulation. Furthermore, re¬ 
sistance steps or similar arrangements will have to be provided 
in order to avoid short-circuiting of part of the winding when 
switching from one tap to another. In connection therewith, 
I wish to say that the operation of three-phase commutator mo¬ 
tors arranged for control by means of brush shifting has proved 
very satisfactory, and I learn that in consequence of this many 
are under construction. 

Ford W. Harris (communicated after adjournment): It 
seems to me that the authors have made a little too much of a 
bugbear of the complexity of control and of control wiring. 
The latter may be eliminated at once as a matter of first cost only. 
That is, the control wiring can be so installed that it is absolutely 
no trouble to maintain. This is reasonable enough, as it is 
simply stationary material that may be protected against ex¬ 
ternal injury. The multiplicity of switches is another matter, 
but even here a good word may be said for the simpler motors 
that may be used if a little switch complexity is allowed. 

Further, it will be found that, by a little care in laying out the 
sequence of switching operations, all the maintenance will 
fall on one or two switches and the remainder will be more or 
less free from arcing and wear. As to making them operate 
automatically, the writer has become convinced that there is 
really no question that, by suitable arrangements of interlocks 
and contacts, automatic control can be. made practically in¬ 
fallible. The only requirement is good switches in.the first place 
and a moderate amount of attention. It is my opinion that either 
a cascade or rheostatic control would probably work out more 
cheaply and be more satisfactory to maintain than either of 
the several commutator type systems shown. The item of 
economy is, of course, getting to be of importance, as the steel 
mill engineers are fast getting to a point where they can get 
absolutely satisfactory service and they are more and more 
bending their energies to the refinements that tend toward lower 
fixed charges and lower operating expense. 
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HIGH-FREQUENCY TESTS OF LINE INSULATORS 

BY L. E. IMLAY AND PERCY H. THOMAS 

The object of this paper is to present for consideration certain 
very interesting and suggestive high-frequency insulator tests 
recently made by the authors. These tests were undertaken to 
determine the availability of a certain insulator for use on a 
projected 38,000-volt line and resulted in a radical modification 
of the design. Having a strictly utilitarian purpose in view, 
these tests were not expanded to the point that would be desirable 
from a scientific point of view, although the nature of the results 
shows the great desirability of further research in this same field. 
With this, explanation the plan of the tests will be understood. 

A certain transmission system* has used three parallel circuits 
operating at 22,000 volts to transmit a rather large amount of 
power some 16 miles for a number of years. The demand 
for more power has rendered a new line necessary, which is being 
installed for 38,000-volt operation. The insulators on the old 
lines are made of electrose, having an umbrella petticoat about 
12 in. (30.4 cm.) in diameter, and a second smaller petticoat about 
6 in. (15.2 cm.) in diameter. They were originally intended to be 
used on 38,000 volts when the rise of the load should require. 
Experience showed that these insulators occasionally punctured 
through the head from lightning, such failures being very difficult 
to find. The insulators are mounted on grounded steel pins. 
This sort of failure was very surprising in view of the fact that 
these insulators had never been punctured in testing, though they 
would arc over when wet at about 90,000 volts, as indicated on 
the primary side of a 25-cycle testing transformer. 

It was this discrepancy between the repeated punctures 
through the head from the conductor to the pin due to lightning, 
and the steady refusal of the insulators to puncture on a 25-cycle 

*Canadian Niagara Power Co. 
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testing set, that led to the high-frequency, high-voltage tests 
described below. 

These tests were made to determine directly whether any differ¬ 
ence in the behavior of the insulators could be determined be¬ 
tween the use of high frequency and 60 cycles, both produced 
in the laboratory. 

The circuits for the high-frequency tests arc shown in Fig. 11. 

In this figure is indicated a 500-kw., 750,000-volt transformer. 
One side of this transformer is grounded and the oilier side 
connected to the discharge apparatus. The “ plate M shown 
was a sheet iron plate approximately eight by nine ft. (2.4 by 
2.7 m.), estimated capacity 0.0001 microfarad, suspended by a 
cord approximately 3.5 ft, (LOG in.) from a large transformer 
tank, which served, as a ground plate. The coils marked A , B 
and C were three air-core choke coils intended to protect the 
transformer. The coil A was a helix having a diameter of IS in. 
(45.6 cm.), and had approximately 22 turns of wire, the turns 
being spaced approximately three in. (7.6 cm.) apart. The coil 
2? was circular and approximately 21 in. (60,1) cm.) in diameter 
and had 10 turns. The coil C was a pancake coil and had ap¬ 
proximately 200 turns with a mean length of turn of 67.7 in. (95.8 
cm.) This coil C was shunted by a graphite resistance of about 
125,000 ohms. 

The insulator to be tested was mounted on a wooden box some 
four ft. (1.22 m.) from the floor and had a half-inch (12,7-nun.) 
brass rod tied in the groove by a band of small size copper wires. 
The pin carrying this insulator was grounded through a wire 
approximately six ft. (1.8 in.) long. The length of the lead from 
the transformer terminal to the condenser plate was approxi¬ 
mately 50 ft. (15.2 no) 

A series discharge gap was made by approaching a second brass 
rod mounted on a wooden stand to one end. of the ]«in, (l.27-cm.) 
rod tied to the insulator, the second rod being connected to the 
sheet iron condenser plate by a wire two or three ft. (60 or 90 cm.) 
long. 

Where a measuring gap was used, as recorded in tin* reports 
below, this consisted of a needle point gap mounted on hard 
rubber pedestals located some six ft. (1.8 m.) from the insulator 
under test. One side of this gap was connected, either with or 
without resistance, to the conductor on the insulator under test, 
and the other side was connected to the insulator pin or to the 
ground. 

The general method of test was to raise the voltage of the 
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generator feeding the primary until a discharge occurred across 
the series gap onto the insulator. With the adjustment of 
generator voltage and transformer ratio used, the result of the 
breakdown of the gap was in most cases to so reduce the applied 
voltage that the arc proper would drop out, at least partially, 
leaving the series gap nearly intact, and thus the return of voltage 
on the next alternation would be obliged to nearly reproduce the 
original breakdown voltage on the gap. The effect of this ar¬ 
rangement was to give a continuous succession of static sparks 
lasting as long as voltage remained on, that is, one or two seconds, 
as distinguished from the holding of a continuous arc over the 
gap. In the tests of June 24th, however, the opposite effect was 
secured, that is, a single static spark each time the voltage was 
raised, followed by a mild arc. 



Fig. 1—Original Insulator Fig. 2—Proposed 38,000-Volt 

Insulator 


The terms “ application of voltage ” and “ trial ” used herein¬ 
after mean the raising of voltage to the breakdown point and 
the cutting off of voltage one or two seconds later. 

The results of the various tests have been tabulated as follows, 
and the tests will be considered briefly in groups. 

First Group. (Tests 1-2) Normal Flash-Over Test , Dry , in Air , 
60 Cycles. 

This group of tests was preliminary and was made in the usual 
manner, the voltage being measured by a spark gap checked 
approximately by a voltmeter reading on the low-tension wind¬ 
ing of the raising transformer. 

In no case did an insulator puncture.' An insulator of the type 
shown in Fig. 1, that now in use in the three existing lines, 
flashed over at 122,000 on the second trial; the insulator of the 
type shown in Fig. 2 flashed over at 150,000 volts. The insulator 
of Fig. 2 is a new design that was intended to replace the insulator 
of Fig. 1 and to resist lightning stresses better. The two insulators 
are the same except that the later design has a head nearly two 








HIGH-FREQUENCY TESTS OF LINE INSULATORS 
Table of Actual Tests 



fThis Insulator was sol 
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HIGH-FREQUENCY TESTS OF LINE INSULATORS—Continued 



is Fig. 5, porcelain. ‘ * * fi J Punctured under tie wire in 2nd trial. 
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in. (5 cm.) thick in comparison with a head thickness of one in. 
(2.5 cm.) in the old insulator of Fig. 1. 

Second Group. (Test 3) Normal Flash-Over Test, Wet , in Air , 
60 Cycles. 

These tests were made with the same electrical apparatus as the 
first group. Water was thrown on the insulator from three 
spray nozzles at one side, giving a very heavy “ scotch mist.” 
The water dripped very rapidly from the petticoats during the 
tests, but no direct measurement was made of the amount of 
water sprayed. The water was relatively pure river water. 

The insulator of Fig. 2 flashed over at approximately 95,000 
volts. 

Third Group. (Tests 4-6) Normal Test Under Oil , 60 Cycles. 

The insulators were immersed in good “ transil ” oil, 
bubbles under the petticoats and in the pinhole being carefully 
eliminated. The insulator of Fig. 1 punctured through the head 
at 205,000 volts, and that of Fig. 2 flashed over the surface, 
once at 240,000 volts and once at 250,000, except that the lower 
petticoat was punctured at a point intermediate between the 
edge and the central portion in the latter test. 

Fourth Group. (Tests 6|-9) High-Frequency Test: apparatus 
as shown in Fig. 11. 

The insulator of Fig. 2, that is, the new insulator with the 
2-in. (5-cm.) thickness of head, punctured from the conductor 
to the pin. The first two insulators tested failed on the tenth to 
fifteenth applications of voltage, and the third insulator on the 
second trial. 

This result was most surprising, since insulators of this type 
had flashed over the surface even under oil rather than punc¬ 
ture through the head at 60 cycles. The unusual character of 
this behavior made a furthur investigation imperative, and the 
following tests were made. 

Fifth Group. (Tests 10-15) High-Frequency Tests as in Fig. 
11. ( continued.) 

Insulators of the type of Fig. 2 were altered in various ways and 
subjected to the same test. As electrose can be sawed and drilled 
such alterations could be easily made. The results were as fol¬ 
lows: 

a. With i-in. (6.3 mm.) hole drilled at the base of the lower 
petticoat, the insulator failed by puncture through the head on 
the twenty-fourth trial. 

b. With l|-in. (31.7-mm.) turned off the edge of the upper 
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petticoat, the head failed as before on the sixth trial. This 
insulator had previously flashed over, as altered, at 60 cycles 
on 130,000 volts, dry. 

c. With four equally spaced J-in (6.3-mm.) holes drilled 
through the upper petticoat 2| in. (5.7 cm.) from the edge, this 
insulator punctured in the head on the twenty-eighth trial. 

d. With the top petticoat entirely cut off, an insulator punc¬ 
tured in the head on the eighteenth trial. This insulator, as 
altered, had previously arced over on 60 cycles at 90,000 volts, 
dry* 

e. An insulator with both petticoats sawed off as closely as 
practicable, leaving a stump about 5 in. (12.7 cm.) high to the tie 
wire groove and a little over 5 in. (12.7 cm.) maximum diameter, 
showed no failure in over 150 trials. Apparently this insulator 



Fig. 3—Electrose Insulator of 
Fig. 2, with Band of Lead Foil 
about Waist 



Fig. 4—Type E Insulator- 
Electrose—22,000 Volts 


was capable of standing this application of high frequency at 
340,000 volts indefinitely. 

f. A similar test was made on an insulator as shown in Fig. 1 
with 1J in. (3.1 cm.) turned off the upper petticoat. This punc¬ 
tured the head as usual on the fourteenth trial. Previously 
this insulator had flashed over the surface on 60 cycles at 130,000 
volts. 

These results, which were all on electrose insulators, showed 
most plainly that the resistance to high-frequency stress, in this 
sort of apparatus at least, bore little relation to its strength 
against the normal 60-cycle stress. The question naturally 
arose, were these results peculiar to electrose? Some porcelain 
insulators were then obtained and high-frequency tests made 
upon them, as follows: 
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Sixth Group. (Tests 16-18) High-Frequency Tests, as Shown in 
Fig. 11. 

a. A porcelain insulator, No. 3007, recommended for 22,000 
volts, showed a puncture in the lower petticoat on the second 
trial, but suffered no further damage in 65 trials. This insulator 
had previously flashed over at 87,000 volts, dry, 60 cycles. 

b. A porcelain insulator, No. 3012, recommended for 35,000 
volts, showed a puncture first on the lower petticoat, then in the 
middle petticoat and then through the top under the tie wire. 
This insulator had previously flashed over on 127,000-135,000 
volts, dry, 60 cycles. 

c. A porcelain insulator, No. 3002, recommended for 45,000 
volts, showed a puncture in the two lower petticoats on the first 
or second trial and a puncture under the tie wire in a few more 




Fig. 5— Type E Insulator—• Fig. 6—Porcelain Insulator 

Porcelain—22,000 Volts No. 3012 


trials. This insulator had previously flashed over at 125,000- 
129,000 volts on 60 cycles. 

From these tests on porcelain insulators it appeared that this 
feature of failure on high frequency was not peculiar to electrose. 

It was surmised that the peculiar effect of high frequency was 
due to a diff erent distribution of electric stresses produced under 
this condition, which distribution may be assumed to cause a 
concentration of potential at certain points. Some tests were 
therefore devised to verify this assumption. 

Seventh Group. (Tests 19-21) High-Frequency Tests, as Shown 
in Fig. 11. 

a. A new insulator of the type of Fig. 2 was covered with lead 
foil about the waist as shown in Fig. 3. This foil was entirely 
disconnected from any metal parts; but, in view of its electro¬ 
static capacity to the pin, it would change the distribution of 
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potential during the high-frequency attack. Its effect would 
obviously be toward increasing the effective size of the pin top. 
This insulator punctured through the head on the 59th trial. 
It had previously flashed over the surface at 138,000 volts on 
00 cycles. While litis insulator was not proof against the high 
frequency, it stood up longer than any of the other eleetrose 
insulators, even longer than those with reduced petticoats, 
except the one without any petticoat. This result is very 
illuminating, as this insulator hud all its petticoats intact. 

b. A test was made with a new Fig. 2 insulator witli a metal 
cap, about 4 in. (10 cm.) across, on the top of the insulator, '{'lie 
electrical effect of this should be opposite to that of the lead foil 
of a above. This insulator showed a puncture in the head on 
the second trial. This insulator with cap had previously (lashed 
over at 130,000 volts on 00 cycles, dry. 



Fu;. 7— Porcelain Insiu.atok 
No. 3007 





Pm. S Pokcslain Insci.aiok 
No. 3002 


c. 1 he same test as “b was made on a Pig. 1 new insulator and 
the insulator showed a puncture in the top on the seventeenth 
trial. This insulator with cap had previously flashed over at 
124,000 volts on 60 cycles, dry. 

These last three results, while few, indicate pretty clearly the 
cause of the weakness as well as the nature of experiments re¬ 
quired to clarify this matter further. 

Those eleetrose insulators of the type of Pig. 1 which had been 
in service for some years showed a roughening and a bleaching of 
the surface to a light gray from the effects of exposure to the 
weather. Some of these old insulators further showed checks 
on the surface extending to various depths, mostly on the lower 
petticoat. Tests were made to get the effect of the weathering 
on the behavior of the insulator. 
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Eighth Group. (Tests 22-24) Weathering Tests , 60 Cycles, Dry. 

a. Two old insulators showed a dry flash-over on 60 cycles on 
105,000 and on 120,000 volts, respectively, a loss of insulating 
power of perhaps 10,000 volts, which was undoubtedly due to the 
arc passing through checks in the lower petticoat. The insulating 
power of these insulators was thus hardly lessened by the weather¬ 
ing, per se; at least as far as it had then progressed. 

b. A third weathered insulator with 1J in. (3.1 cm.) turned off 
the edge of the top petticoat flashed over at 108,000 volts, the arc 
passing through a check on the lower petticoat. 

A few days after the completion of those tests, to try still 
other conditions, a further series of tests was made with results 
as follows: 

Ninth Group. {Tests 25-27) High-Frequency Tests. 

These were similar to the previous high-frequency tests, but 
with the insulator mounted on a wooden pin with tin foil wrapped 
around the pin up to a point § in. (12.7 mm.) below the insulator 
and grounded. 

a. An insulator of the type of Fig. 2 punctured through the 
head, as before, on the ninth trial. This design of insulator 
(which insulator was newly mg.de for this last set of tests) had 
previously flashed over the surface at 156,000 volts, dry, 60 cycles. 

b. An insulator similar to Fig. 2 but with 1| in. (3.7 cm.) 
turned off the outer edge of the upper petticoat, punctured 
through the head, but only after 113 trials. This insulator was 
nearly at the safety point. This insulator previously flashed 
over at 129,000 volts, dry, at 60 cycles or at 103,000 volts, wet. 

c. An insulator similar to Fig. 2, but with 2\ in. (5.7 cm.) 
turned off the edge of the upper petticoat, resisted 150 trials 
without puncture. This insulator was found to flash over at 
119,000 volts, dry, at 60 cycles and at 81,000 volts, wet, under 
the rain test already described. 

Tenth Group. {Test 28). 

The same high-frequency test on electrose insulators of the 
type shown in Fig. 4 showed no puncture in 150 trials. This 
insulator flashed over at 115,000 volts, dry, on 60 cycles and 
76,000 volts, wet. 

Eleventh Group. {Tests 29-30). 

The same high-frequency test on a porcelain insulator of the 
type shown in Fig. 5 showed a puncture from the tie wire groove 
to the pin top, on the third trial in the case of one insulator, and 
on the second trial on another insulator. This type showed a 
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flash-over at 118,500 volts, dry, at 60 cycles, in one case, and at 
95,000 volts in a second case, and a flash-over of 70,000 volts, 
wet, on the first insulator. 

These tests of groups 9 to 11 show that the use of a wooden 
pin, extending only a short distance out from the threaded 
portion of the insulator, considerably increased its power to re¬ 
sist the high-frequency stress. 

This result must be due to the prevention of the ground 
potential from getting up inside the insulator, so to speak. I ts 
effectiveness is, however, somewhat limited by the fact that ex¬ 
tremely severe potential shocks, such as were here produced, tend 
to cause a discharge over the surface of the pin into the insulator 
pin recess. If this pin were cemented air-tight into the insulator 
thexesult would presumably be to increase the power of the in¬ 
sulator to stand high-frequency tests. 

Certain other tests which are of interest were made to measure 
the actual voltages reached on the insulator during discharge. 
Measurements were made by noting the voltages that were 
required to jump the spark gap marked u measuring gap ” in 
Fig. 11, under certain discharge conditions. 

a. During the high-frequencyJLest on a Fig. 2 insulator, (test 8), 
sparks were observed in the measuring gap when it was set at 
10 in. (25.4 cm.), 104,000 volts, (needle points) but no sparks 
occurred when it was at 11 in. (27.9 cm.), 112,000 volts. There 
were 125,000 ohms (seven composition sticks) in the shunt 
measuring gap circuit when these readings were taken. This 
indicates a maximum voltage during the high-frequency attack 
of slightly over 100,000 volts. This result, which should be 
compared with the 150,000 (15-in. or 88-cm. gap) necessary to 
make the insulator flash over at 60 cycles, shows that there must 
have been a great local concentration of voltage on portions of 
the insulator at the high frequency. This is an important 
point in connection with surges produced by internal causes. 
If a 100,000-volt static voltage will pass over or through an 
insulator which flashes over at normal frequency only on 150,000 
volts, this fact should be recognized. 

b. With the same arrangement as in u a v * above, except that the 
insulator was short-circuited by a No. IS copper wire, drawn 
tight between pin and tie wire groove, a voltage sufficient to 
jump a needle gap corresponding to 15,000 volts was noted, and 
no spark occurred over the gap when set for 20,000 volts. No 
resistance was used in the measuring gap circuit in this test,. 
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c. With, the conditions of test £< b ” above, except that five sepa¬ 
rate No. 18 wires were used to short-circuit the insulator, located 
at points equally spaced around its circumference, a spark gap of 
| in., (12.7 mm.), corresponding to 10,000 volts, was jumped, but 
no spark was found with the spark gap set at a value to indicate 
15,000 volts. No resistance was used in the measuring gap circuit 
in these tests. 

Discussion or Tests 

The obvious meaning of these tests is of great import. Unless 
there is some reason for believing that the tests are only of 
limited application or are rendered misleading by some unob¬ 
served condition, they mean that many of the line insulators now 
in service may be expected to break down by puncturing under the 
attack of lightning rather than by discharge over the surface, 
which latter is recognized as the desired characteristic. And this 
in spite of the fact that these insulators may have been thoroughly 
tested on normal frequencies in the usual way and may have then 
always flashed over the petticoats as intended. The fact shown in 
these tests, that an insulator which did not puncture at 250,000 
volts on 60 cycles (under oil), punctured after a comparatively 
few shocks of high-frequency discharge, and without apparently 
opposing a resistance of much over 100,000 volts (10-in. (25.4-cm.) 
spark gap), shows how little can be determined from the 60- 
cycle tests, as to the lightning-resisting capacity of an insulator. 

While none of the tests were on trains of suspension insulators, 
the question immediately arises whether the same effects, that is, 
local concentration of voltage with high-frequency shocks, will 
not cause these insulator trains to puncture relatively easily 
from lightning even when withstanding satisfactorily the most 
severe tests of the usual sort. Such failure is very likely to be 
expected. High-frequency tests on such insulator trains should 
be made by all means, and without delay. 

The conclusion also is forced upon us, that if high-tension line 
insulators are to be adapted to resist lightning to the best advan¬ 
tage, the design of many of them should be radically changed. 
Such a design study will require much patient investigation. In 
view of the importance of these conclusions, a critical examination 
of our tests was made for the purpose of discovering any improper 
methods or errors that might account for the great weakness of 
the insulators under high-frequency shocks; nothing, however, 
so far has been found to explain more than a very small portion 
of the very great discrepancy between the results of the two types 
of tests. 
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Considering the material of the insulators, most of which were 
electrose, we should say that insulators made in at least four differ¬ 
ent lots, distributed over a period of several years, showed the same 
consistent behavior. Further than this, four different types of 
porcelain insulators were tested and all showed this effect, 
although the lower-voltage insulators showed it in a less degree 
than the higher-tension insulators. In the case of the insulators 
of Fig. 4 and Fig. 5 the shape of the insulator was the same and 
only the material was different. Of these, the electrose insulator 
behaved best on the high-frequency test. 

One very significant point is that no insulator failed on high 
frequency on the very first shock. In fact the strain of repeated 
shocks seemed to be far more severe than that of a few. Probably 
there is a progressive hammering out of a path through the solid 
material of the insulator. It will be immediately suggested 
that this effect may be due to a progressive heating of. the 
material by conduction or dielectric hysteresis, but we are inclined 
to doubt this. Investigations were made by exploring with the 
finger during the tests, and, while after a puncture, which would of 

course be followed by some arcing, there was often a very notice¬ 
able rise of temperature at the puncture, exploration before an 
actual puncture but after the occurrence of many shocks showed 
no detectable preliminary heating. Furthermore, there seemed 
to be no difference in the behavior of electrose and porcelain. 
This matter of dielectric loss and heating is of course one of the 
matters that should be carefully followed up in future tests along 
these lines. If the effect of the greatly increased severity of 
many shocks was due to the heating effect, it is not likely that 
the cutting off of the petticoats would be so effective in increasing 
the resisting power. 

It has been suggested by some that porcelain deteriorates in 
quality with time or exposure to the weather. This hypothesis 
is supposed to explain the fact that insulators which stand up 
under tests and during the initial months of actual service then 
seem to fail far more readily at a later time. It is suggested by 
the behavior of the insulators of our tests that there was progres¬ 
sive deterioration under the intense stresses of these experiments 
(or under the attack of lightning in actual service), which, while 
due to electrical forces, are of a physical nature. This would be 
somewhat analogous to the well-known mechanical disintegra¬ 
tion of the surface of glass under repeated surface sparking. In 
this view, the repeated attacks of these tests represent the antici- 
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pated effect of several seasons of lightning storms; to put it 
another way, the tests serve as a measure of the service durability 
of an insulator, as far as lightning and static are concerned. 

These tests were made in a large transformer testing pit, but 
it is not likely that the presence of the grounded sides of the pit 
several feet away could have had any material effect on the 
results. 

While the 60-cycle tests and the high-frequency tests were 
made on different testing outfits, there can be no great error here. 
The 60-cycle tests were made on a 300,000-volt transformer, 
regularly and frequently used for such testing, and the ratio and 
spark gap methods of measuring the high-tension voltages were 
about five per cent apart, the voltage actually reported being 
the spark gap voltage as recommended by the Standardization. 
Rules of the A. I. E. E. The character of the high-frequency 
tests was of course determined by the series spark gap and the 
constants of the plate condenser discharge gap. The high-tension 
condenser had approximately 72 sq. ft. (6.7 sq. m.) surface and 
a dielectric thickness of 42 in. (1.06 m.) of air. The discharge 
path of the condenser was roughly rectangular in form, 5 by 
7 ft. (1.5 by 2.1 m.), including the series gap and the insulator 
itself. 

An es tima te of the natural oscillation frequency of this dis¬ 
charge circuit would be, roughly that it was of the order of 
1,000,000 cycles per second or higher. The noise of the discharge 
during the tests was very loud and some of the observers used 
cotton in their ears to avoid the disagreeable physiological 
effect. While the highest voltage of the high-frequency tests 
was in the neighborhood of 300,000-350,000 volts, and the 
quantity of the discharge great for laboratory tests, it was of 
course far short of lightning conditions in both particulars. The 
frequency, however, may have been comparable with that of 
lightning. 

The probability of the trustworthiness of these tests is greatly 
increased by the behavior of insulators in actual service, where 
punctures of a surprising character have occurred at the time of 
-lightning or other disturbance of a static nature. We are in¬ 
formed that trains of suspension insulators and also pin type high- 
tension insulators which are carefully designed and shown by 
test at normal frequency to flash over before they puncture, 
still do in practise actually puncture under lightning strains. 
It is a fact, however, that many of these insulators at other times 
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do actually flash over in actual service instead of puncturing 
under static stress, showing that either all insulators or all stress 
conditions are not the same. This matter cannot be finally 
cleared up without much experiment and research. 

Cause of the Peculiar High-Frequency Effects. Of the most in¬ 
terest and importance is of course the explanation of the cause 
of the great observed discrepancy between the effect of high- 
frequency tests and commercial frequency tests. It is too early 
' to speak with certainty, but there is little doubt that the principal 
cause is the concentration of potential with high frequency upon 
some local part of the insulating material, with the result of the 
breaking down of this portion and the throwing of the potential 
on some other part which is then also broken down. This gen¬ 
eral phenomenon is well known in related situations; for example, 
in the behavior of trains of small air gaps in high-tension lightning 
arresters. 

If a resistance and a capacity are connected in series and so 
adjusted that a given voltage at 60 cycles is evenly divided be¬ 
tween the two, and the same voltage at a much higher frequency 
is impressed on the two, it will be found that the resistance then 
receives nearly all the voltage and the condenser practically none 
at all. The same would be true to an even greater extent were 
an inductance substituted for the resistance. An adjustment 
may ea sil y be arranged in which at 60 cycles the condenser will 
take all the voltage and at the high frequency the resistance would 
take all the voltage. In applying this principle to insulator 
service, it must be remembered that the change in frequency 
between 60 cycles and the frequency of lightning is enormous, 
the ratio being somewhere of the order of 1 to 1000 or 10,000, 
which gives range enough to permit even a small tendency of 
60 cycles to be transformed into a dominating effect on the 
lightning frequency. 

Consider Fig. 9; the small condensers indicate the capacity 
of various parts of the insulator surface to which the potential 
of these parts is due, and the small resistances indicate the 
insulation resistance of the corresponding dielectric material of 
the insula tor. At 60 cycles, the charging current for the several 
small condensers, 1, 2, 3, can easily flow through the several 
resistances, 4, 6, etc., without the impressing of any very great 
potential upon these resistances. With a high frequency, how¬ 
ever, as just explained, the full potential may be impressed on 
the resistance for the moment, or, in fact, for as long as the high 
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frequency lasts. Thus the resistance 4 which charges the surface 
capacity 1, which is a relatively large capacity, may on high 
frequency have to support nearly the full voltage of the attack, 
which it is evidently not adapted to do. But there is also a 
leakage of current toward the tie wire and conductor which will 
flow over part of the path of the resistance 4. Since the surface 
of the pin is much smaller than that of the surface of the insulator, 
the concentration of leakage current will be greatest at the former 
and the first break or failure of the insulating material will occur 
at this point. When this occurs the voltage on the conductor 
and. tie wire will tend to cause a puncture through this weakened 



Fig. 9—Illustration of Electrostatic Capacity of Surface and In¬ 
sulation Resistance of the Various Parts of the Insulator 

material and thus make a puncture from the conductor to the 
edge of the top of the pin. This is what was actually observed. 
This explanation is, however, given rather as illustrative of the 
general tendency of the distribution of force, than as a correct 
picturing of the action in detail, for this would be very haid to 
establish directly. 

According to this view the effect of the lead foil of test 24, 
which showed a great strengthening of the insulator’s resistance, 
was to permit the charging of the small condenser 1 through the 
foil in virtue of the capacity of the foil to the pin and in virtue 
of the fact that a free charge of opposite sign could be repelled 
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to the lower end of the foil. So far as it goes, then, the foil test 
tends to confirm the distribution of potential assumed above in 
connection with the discussion of Fig. 9. 

Looking at this matter from another point of view, which, 
however, in substance is much the same, it is evident that the 
conductor and the wire on the top of the insulator form the 
electric equivalent of a hemisphere, and that the pin top is in 
effect a small discharge point near the center of the hemisphere. 
This form is one in which the distribution of electric field is most 
uneven, for its intensity is greatly concentrated at the center 
on the pin top, and much less intensity exists at the conductor 
and the tie wire. This condition is somewhat similar to that of 
a cable with a lead sheath and a relatively small conductor inside. 
It is found, in such a cable, that if the diameter of the conductor 
is smaller than that of the sheath by more than a certain ratio, 
little gain in insulation strength is made by increasing the thick¬ 
ness of the insulation and the diameter of the sheath. This is 
because the potential becomes more and more concentrated at the 
center and this part fails first, so that the added insulation is later 
broken down by itself. However, in the case of the tests here de¬ 
scribed, the effect of resistance and capacity in series, assumed in 
the discussion of Fig. 9, is probably present, for this sort of con¬ 
centration comes from high frequency only, while that described 
in connection with cables occurs at all frequencies. It is signifi¬ 
cant that the use of a metal cap only weakens the insulators 
in the tests (see tests 20 and 21), as would be expected from these 
explanations. 

High-Frequency Tests. It will naturally follow from the condi¬ 
tions indicated by these tests, assuming that they are confirmed 
by later investigators, that it will be desirable to modify our 
methods of testing insulators for practical work by adding tests 
of their behavior on high frequency. Such tests presumably need 
not be made on all the insulators entering into a plant, but on 
each type, to show that the design is satisfactory. Such tests 
will be difficult to make, in the first place, because very high 
voltage and large capacity are necessary for making the tests, 
and second, because these tests are dangerous to the testing 
apparatus used and because so far there is no knowledge as to 
what limits of frequency, voltage, electrostatic capacity or 
number of repetitions of attack are necessary to give a proper 
measure of the conditions of actual service. These service con¬ 
ditions will undoubtedly vary greatly in different localities. It 
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can only be suggested here that further study of these phenomena 
be made as speedily and as exhaustively as practicable. 

Design of Insulators. In the matter of new designs of insulators 
to resist high-frequency discharges, much research should be done, 
but there are some guiding principles already clear. First, the 
more widely the live conducting parts of an insulator are sepa¬ 
rated from the pin, the less will be the stress. Second, the more . 
nearly uniform the electrostatic field between these elements is, 
the better the condition. Third, wide and thin petticoats add 
very little strength to the high-tension insulator, for the electro¬ 
static capacity of the surfaces of the outer parts is very great 
with regard to capacity of the parts nearer to the pin. It is 
very likely that the capacity of the wide petticoat of the insulator 
of Fig. 1 or Fig. 2 plays little part in its behavior on high fre¬ 
quency, since the potential stresses may be transmitted through 
the petticoat by virtue of the capacity of the lower surface in 
relation to that of the upper surface. This would account to 
some extent for the behavior observed. It is significant that the 
type which stood best, that of Figs. 4 and 5, had short and thick 
petticoats placed low down with regard to the pin top. The 
heavy ball of insulating material at and around the head of the 
pin is very likely the chief reliance of the insulator on high fre¬ 
quency. 

It will be noted that the design of the present suspension 
insulator has some points of disadvantage from the point of view 
of static stresses, if these tests are to be relied upon. 

Effect of High Frequency on Lead-Covered Cables. From the an¬ 
alysis of the necessary effects of applying very high frequency 
to structures having electrostatic capacity and high resistance in 
series, it is suggested that these high-frequency strains may have a 
very trying effect on lead-covered cables. Here the layers of the 
insulating material next to the conductor may receive a far 
greater concentration of potential from high-frequency stresses 
than from 60-cycle stresses, for example; in which case static 
disturbances may break them down at a lower voltage than under 
normal conditions. As the great susceptibility of cables to static 
disturbances has been frequently observed in actual service, 
a series of cable tests after the type of those here reported 

would be of the greatest interest. 

The great difficulty in such tests would be to get some reliable 
measure of the equivalence of voltages at high frequency and low 
frequency. 
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Fig. 10 shows the insulator and pin finally adopted by the 
power company. The pin consists of an iron base for attach¬ 
ment to crossarm, and metal sleeve with conical boro to receive 
a wooden pin, which is secured in place by the pressure produced 
in screwing the sleeve and base together. The wooden pin is 
impregnated with bakelite to prevent absorption of moisture. 



Fig. 10 Section m Insulator Finally Adopted 

No attempt was made to cement the pin in the insulator, but this 
can readily be done if experience indicates that it* is desirable. 
The insulator thus mounted on the combination wood and iron 
pin will withstand a breakdown test at GO cycles between a 
conductor in the tie-wire groove and the iron pin, of 120,000 
volts, dry, and 85,000 volts, wet. It is highly probable that if 
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time had permitted, a better design of insulator could have been 
developed, but the construction of a new line was under way and 
the order for insulators had to be placed. The design selected 
was that which our tests had shown to be best able to resist the 
high-frequency discharges which we were able to obtain in the 
laboratory. It remains to be shown by experience whether 
these insulators will resist puncture from all lightning dis char ges 
to which they will doubtless be subjected. 

Suggestions for Investigations. We would make the following 
suggestions, the application of which will be clear from what has 
been said above. 

a. Those who wish to get an idea of the behavior of their 



Pig. 11 —View of High-Frequency Testing Arrangements 


insulators on high frequency without waiting until a generally 
accepted test is developed, should utilize the arrangement of 
apparatus of the tests here described, which has been found very 
satisfactory and as practicable as any is likely to be. 

b. Those who wish to do research work on this line of investi¬ 
gation, should study: 

1. The effect of frequency itself on some standard type of 
test insulator, by varying the constants of the high-frequency 
discharge circuit. 

2. The effect of high frequency on trains of suspension in¬ 
sulators. 

3. Thu effect of the distribution and size of petticoats and 
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the control of the potentials of various parts of the surface of 
the insulators, for example, by the use of conductors distributed 
on the surface, as in the above lead-foil test, and especially the 
location of the petticoats with regard to the top of the pin and 
the thickness of the base of the petticoats. 

4. The effect of a wooden or other insulating pin. Especially 
the effect of cementing the pin air-tight in the socket. With a 
wooden-topped pin and an insulator so mounted and shaped 
that any discharge would take place to the crossarm and not to 
the pin, many of the electrical advantages of a metal pm would 
be obtained, with probably greatly increased possibilities of re¬ 
sisting puncture by lightning. 

5. The high-frequency lest, as a test, to determine the effect, on 
the behavior of any insulator, of variations ot lest jm/uency, ol 
the amount of the excess scries gap voltage over and above the 
flash-over voltage of the insulator, of the amount of static capacity 
connected with the high-frequency discharge circuit, ot the 
length and character of the discharge path, and the effect of the 
method of securing the actual conductor and tie wire during the 
test. 

In conclusion we would slate these tests are reported to the 
Institute for their great interest and suggest iveuess, but with 
the full consciousness that they are far from complete from the 
broad point of view of the effect of high-lrcquetiey voltages on 


high-tension insulators 
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COMPARATIVE TESTS ON HIGH-TENSION SUSPEN¬ 
SION INSULATORS 


BY P. W. SOTHMAN 


This paper presents an account of work done in connection 
with the selection of a suitable high-tension insulator for a trans¬ 
mission line operated at 110,000 volts. It is a report of an in¬ 
vestigation giving a faithful account of the motives calling for 
the same, the method adopted and used to carry out the work, 
and the line of reasoning followed in classifying the results ob¬ 
tained. It is not intended to be a criticism of any individual 
design or of the valuable work which has been done by others 
in the same direction. The problem which had to be solved was 
well defined, requiring no more difficult task than to select from 
a number of insulators the one best suited for certain predeter¬ 
mined conditions. From the first to the last, the question 
was one concerned with engineering only, in which biased 
opinion or partiality was to be absolutely absent. How well 
this problem has been solved may be judged from the following 
account and perhaps more so by the tangible results obtained 
in the years following, during actual operation. 

When it was .found that the line losses of the proposed power 
transmission could not be kept at a reasonably low figure unless 
the system was operated at 110,000 volts between conductors, 
the question of insulation became at once of greatest importance. 
Unfortunately, at that time, very few reliable data were avail¬ 
able with regard to the operating experience with potentials 
above 60,000 or 80,000 volts. Notwithstanding the lack of such 
practical experience, every manufacturer was ready to offer and 
guarantee an insulator for a transmission line operating at 110,000 
volts. Before an attempt was made to draw up specifications 
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for these insulators, a thorough canvass of the situation was made. 
The different insulator factories were visited to ascertain the 
manufacturing facilities of the firms and their ability to turn out 
a rather large order within a specified time. Tests on the pro¬ 
posed insulators were witnessed at the works of the manu¬ 
facturers and all available information and data bearing on the * 
subject were collected. 

While visiting these factories, one could not help being most 
peculiarly impressed by the widely varying methods of testing 
employed by the manufacturers to demonstrate the merits of 
their insulators. This applies especially to the application of 
artificial rain and to the facilities afforded for observing the effect 
of the test. As a matter of fact, every manufacturer had his 
own way of applying rain, and of interpreting the effects observed. 
It can easily be understood why tests on one and the same type 
of insulator would show two entirely different results, depend¬ 
ing upon where and by whom they were tested. 

In view of the seemingly erratic behavior of the insulators 
during these manufacturers' tests, it was impossible to arrive at 
a definite conclusion. It became apparent that tests of this 
character should be perfonned under absolutely unvarying con¬ 
ditions in order to arrive at reliable figures, and arrangements 
were at once made to duplicate and elaborate these tests under 
conditions which could be controlled and changed at will to suit 
certain predetermined requirements. 

The testing equipment of which use was made in the following 
tests, consisted of a large platform over which was placed a gas 
pipe, resting at each end upon 60,000-volt pin-type insulators. 
The insulators were tested one at a time, the small trolley from 
which they were suspended being moved opposite a mark made 
in the pipe midway between the supporting insulators, while all 
other insulators were crowded to one side and out of the way. 
The test on one insulator completed, it was moved to one side, 
and the next insulator placed in the proper position. This 
method proved to work out very well, especially in connection 
with the rain test described later. 

The electrical apparatus consisted of two 50-kw. 2200/150,000- 
volt transformers in series, fed from a 25-kw. 220/2200-volt 
transformer. 

The maximum voltage which could be safely obtained with 
this combination was slightly above 330,000 volts, with the two 
transformers in series, the neutral point being grounded, and 





Fig. 1 —Testing Platform for Suspension Insulators [sothman] 

Insulators supported from insulated pipe on small trolleys—Note groups of nozzles 
m background for wet tests—Also spark gap in front—Rain gage is shown on left of plat¬ 
form. 


>xxv 

E. 

I, 1912 



Fig 5—Testing Platform for Strain Insulators [sothman] 

Insulator sections at either end of insulators under test are inserted to prevent leakage 
io ground. Nozzles are located directly above insulator. 
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225,000 volts with one transformer alone and ungrounded. The 
voltage was controlled by means of a water rheostat in the low- 
tension circuit of the high-tension transformer. The readings 
were taken on an alternating-current voltmeter previously cali¬ 
brated with spark gap in accordance with the Standardization 
Rules of the A. I. E. E. (1907). The voltmeter was connected 
across the low-tension side of a one-kw., 2200/110-volt trans¬ 
former, the latter being connected across the low-tension side of 
the high-tension transformer. 

All tests were performed at night in complete darkness. In 
order to have a permanent record for comparison, photographs 
were taken of each insulator during the several tests. The time 




Connections of Single TkanIfoumeiis fop. 339,00.) Volts 

Fig. 2—Diagram of Circuits of High-Tension Transformers 


on the clock dial appearing in the illustrations was used as a 
means of identification. 

The tests were applied in the following order: 

1. Dry test. 

2. Wettest. 

3. Parallel test, dry and wet. 

4. Puncture test, under oil. 

5. Mechanical test. 

The Dry Test consisted of 

a. Flash-over test on each section in order to exclude weak 
or punctured units. 

b. Potential test on each complete insulator, also on smaller 
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number of sections. Voltage was applied and raised by successive 
steps and photographic records were taken while the test was 


progressing. 

Records' were kept of the time on the clock dial, which was set 
for each new test, voltage applied, time of exposure, number of 
sections, and such other observations as were made during the 
test which could not be recorded on the photograph. 

In this manner, each type of insulators submitted was sub¬ 
jected to the same series of tests under exactly like conditions. 

The Wet Tests consisted of applying rain at 45 deg., the precipi¬ 
tation varying from 0.25 to 0.35 in. (6.35 to 8.39 mm.) and 
finally to 0.53 in. (13.46 mm.) of water per minute. Accordingly 
each insulator was subjected to three series of tests, in which 
voltage and precipitation were the 


variable quantities. The execution 
of these wet tests was very similar to 
that of dry tests. Photographs were 
taken and records made of each test 
and observations w T ere carefully noted. 

For these rain tests, which were 



the most important of all, the follow- N 

ing method was adopted. A number | 

of nozzles of the type used for spray- —"—-4 -—@— 

ing trees were secured to the ends of . f 

pipes cut to suitable length, and these, 

m turn, were connected to the water Noz2L£S fqr og3 IN _ Pre . 
mains by means of a rubber hose and CIPITA tion per Minute 
arranged to slide along a vertical 

post. Two groups of nozzles were used, and by means of this 
arrangement, it w r as possible to adjust the angle of precipita¬ 
tion, and by moving the nozzles closer or further away 
from the insulators, to adjust the amount of rain supplied per 
minute. It was found more expedient to entirely open the valve 
in the mains, thus operating with full pressure of the standpipe, 
and to regulate the amount of water by adjusting the number of 
working nozzles, their heights and distance away from the in¬ 
sulator under test. The amount of precipitation was determined 
by means of a specially constructed rain gage, consisting of a 
funnel-shaped vessel with a cover, provided with an aperture 
five in. (12.7 cm.) in diameter. The edges of the opening were 
slightly raised to prevent the water from spilling and splashing 
over the top of the funnel when striking it at an angle of 45 deg. 
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The gage was held in the rain at the points where the several 
sections of the insulators would be located, and the quantity 
of water was measured with a graduated glass. As a rule the 
gage was operated for four minutes and the fall of water deter¬ 
mined from the amount gathered during that time. By setting 
the nozzles and adjusting the spacing, the correct amount of 
precipitation could be obtained, and this setting was left undis¬ 
turbed during each series of tests. One insulator after the other 
was moved to the mark on the pipe and voltage applied, beginning 
low and increasing by successive steps. 

It was found that although water flowed freely over all the 
sections, wetting an area of 7 ft. (2.13 m.) in diameter, on the 



Pig. 4—Rain Gage and Stand Used foe Determining 
Fall of Water 


platform, and thoroughly flooding the top of the sections, the 
inside of the insulators remained practically dry except for a few 
drops. For those reasons, it was necessary to apply the ram for 
some time before voltage rvas applied in order to arrive at reli¬ 
able and unvarying results. The water was turned off when 
insulators were changed and turned on again when ready for 
test. A long series of check tests showed that the precipitation 
was'constant within the error of observation after turning water 
on and off, provided the valve was always turned on wide open. 

In most cases, the same underhung suspension insulators, 
strung horizontally, were subjected to a series of rain tests to 
ascertain their performance when used as strain insulators, but 
on account of this horizontal position, required a somewhat 
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different method of supporting* The insulator was strung be¬ 
tween two well-braced upright wooden posts. In order to pre¬ 
vent leakage to ^raund, a number of units were inserted between 
the posts and the insulator under test... i lie nozzles, twelve in 
number, were located directly above at a distance of 25 in. 
(03.5 cm.) from the center of the insulators, direction the spray 
of water, which could bo raised from 0,22 to 0.a in. (o.aS to 
12.7 mm.) and even 0.75 in. (JO mm.) per minute at an angle of 
45 deg. either toward the inside or the outside of the sections. 
The wafer was measured with the same rain gage used in previous 
tests, at eight different points within the space occupied by the* 
insulator when in place, allowing the gage to remain thirty 
seconds in each of the eight positions. 

Parallel Test. A most interesting series of tests with all in¬ 
sulators connected in parallel was made later, in order closely to 
follow their performance simultaneously at dhlerenl voltages. 
The insulators, composed of a proportionately smaller number 
of sections, were supported from Idle pipe, equally spaced, their 
lower ends connected by a common bus. Voltage was applied 
and gradually raised as in previous tests. As soon as a. voltage 
was reached at which one of the insulators would show signs of 
distress, a photographic record was taken of the whole set, alter 
which the failing insulator was disconnected from the bus and the 
voltage increased until one of the remaining insulators would 
fail*, and so on, A similar series of tests was performed with t he 
insulators subjected to rain, liach insulator had its own set of 
nozzles and the flow of water was regulated to be the same for 
every string. The test was made with 0.15 in. (3.K mm.) of 
water per minute at 45 deg. 

Puncture Test. Under ordinary conditions, if is almost 
impossible to puncture an insulator, in dry air, since a well- 
proportioned insulator will flashover at a voltage well below its 
puncture voltage. To obtain values for the puncture voltage, 
it is necessary to immerse the insulator under oil and to lake a 
number of other precautions, like the protection of leads, etc. 
Following this plan, a series of tests was performed in winch 
this voltage was determined for all the different types of insula¬ 
tors. 

Mechanical Tests . The testing device used to determine 
the breaking strength of suspension insulators, consisted of a 
frame-work in which the insulator was fastened by links and 
steel cables and the tension applied by means of a screw acting 
on a lever. A robust dynamometer indicated t he maximum pull 
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exerted by the screw and that pull multiplied by three, the ratio 
of the lever arms, gave the actual tension on the hook of the in¬ 
sulator. Voltage was applied across the insulator while pulling, 
but it was found that the insulator punctured always at the 
moment of fracture, so this method was discontinued on sub¬ 
sequent tests. A number of tests were made with each type to 
arrive at a fair average figure, and photographs were taken of the 
appearance of the fractures. 

The above is a brief outline of the apparatus, and methods 
used in making the tests on high-tension suspension and strain 
insulators. A number of post type insulators were also tested 
in a similar manner. As there were but two types offered, neither 
of which met the specified tests, considerable development work 
was necessary until fairly satisfactory types were evolved. . 

After completion of all design tests and before the final selec¬ 
tion of the insulator best fitted to fulfil the specified require¬ 
ments, one week was set aside for witness tests. This was done 
to demonstrate to the manufacturers and their engineers the 
method which was followed in making these tests and to give 
them an opportunity to make their own observations with regard 
to the results obtained under conditions controlled in accordance 
with the tests specified. These conditions, as mentioned before 
were kept unaltered during all tests and were constantly checked 
and adjusted, if this was found necessary. 

The tests performed in the presence of the manufacturers were 
really nothing else but a repetition of the tests already made, an 
incidentally, served the purpose of furnishing an additional 
set of confirming results. In every case, these results checked 
closely with those obtained during previous tests, as the conditions 
under which each test was made could easily be duplicated. 

Test Results 

SUSPENSION INSULATORS 

As to the method of comparing the performance of the different 
types of insulators under test, it became apparent from the start 
that no standards existed which could be followed or used as a 
CTuide. From an academic standpoint rt would, perhaps, have 
been of importance to measure the watts lost for each type of 
insulator under varying conditions. This method may give 
results which would allow of direct comparison, but the difficulty 
of measuring power accurately under the conditions imposed by 
the test, and at such high voltages, appears to be out of proportion 
with the expected accuracy of the results. It was, therefore, 
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decided to compare qualitative rather than quantitative results. 
Under the assumption, which should not be far from correct, that 
the power loss of an insulator would make itself manifest in a pro¬ 
portionate display mostly of luminous character, the direct com¬ 
parison of this visual display with the yoltage required to create 
it should give a fair means of judging the relative insulating value 
of two insulators, provided all other conditions remained the 
same and unaltered. In applying this method in practise, there 
are, of course, a number of other considerations requiring atten¬ 
tion. For instance, the display of luminosity may appear gradu¬ 
ally in direct proportion with the voltage applied, or it may 
appear rather suddenly after a certain limit of voltage has been 
reached; or else, the display may appear to be localized at some 
parts or points, which, though a portion of the insulators, are of 
no value to its insulating quality and merely show faulty design. 
As will be explained later, the presence of such parts is always the 
cause of failure, regardless of the quality and design of the porce¬ 
lain parts themselves. Taking into consideration the many 
sources which contribute towards the discharge of an insulator 
under potential, and by following the system of comparison out¬ 
lined above, it was possible to classify the insulators according 
to certain well-defined merits and demerits. After balancing 
all merits of an insulator against all its demerits and by succes¬ 
sively eliminating those insulators possessing the greatest number 
of demerits, it was possible to arrive at one type which had the 
least number of disadvantages and the most of the advantages. 

In the discussion of the actual test results obtained, the differ¬ 
ent types of insulators are designated with the letters .4, B , C, 
D, E , and F, in accordance with the half-tone illustrations rep¬ 
resenting the different makes. From the results of the dry test, 
it can safely be said that all insulators with the exception of 
types A and B withstood the tests of three times line voltage 
more or less satisfactorily. The following table gives the actual 
results in condensed form: 


Type 

Number of 
units 

Brush discharge becomes 
* visible at 

Heavy static discharge but 
no flash-over 

A 

5 

150 kv. 

330 kv. 

c 

5 I 

250 “ 

330 “ on top 

D \ 

5 . | 

250 c on hook 

330 * at point of 

hook 

E 

7 I 

200 “ on cotter-pin 

1 Not excessive at 330 kv. 

F 

5 ! 

250 « 

« u u u 
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From the wet tests, which were the most significant of all, 
the final results of the series executed with 0.5 in. (12.7 mm.) 
water per minute are given below: 


Type 

Sections 

Discharge becomes visible 
below 

Failure occurs at 

A 

r 

150 lew. 

160 lew. 

C 

r* 

225 “ 

265 “ 

j D 

0 

250 “ 

o 

00 

'N 

E 

7 

225 “ 

260 “ 

E 

8 

250 “ 

300—310 

F 

f» 

250 “ 

300 “ 


The first visible discharge occurs invariably around the top 
section, in the form of streamers radiating in a* more or less 
oblique direction away from the edge of the top skirt. The 
subsequent breakdown of the insulator appears to grow gradu¬ 
ally with increasing voltage. 'Phis is especially noticeable on 
type /l, whereas it is less prominent on other types; i. e., they 
may hold out fairly well until a critical voltage is reached. 
Above this voltage* the insulator will fail rapidly with relatively 
slight increase of voltage. 

As a, rule, more or less active discharge always takes place 
around the pin of the insulator within the hollow of the petticoat 
on all insulators designed along the orthodox lines of a pin 
insulator like types i\ IK and IK This discharge is practically 
absent, in the one-piece insulator Zi, winch is not provided with ail 
inner petticoat. Any discharge which occurs at the point where 
the pin issues from the porcelain disk is effectively broken up 
and confuted within a small, concentric corrugation. 

The character of the breakdown is different for each type of 
insulator. Type ,1 breaks down on account oi the excessive 
leakage; the whole insulator becoming conducting, as it were. 
The breakdowns of the other types have more the character of a 
flash-over front one section to the next, the moment the voltage 
is high enough to break through the wet and conducting an en¬ 
veloping the sections, This breakdown voltage could be as¬ 
certained with fair accuracy, and these figures were used as merits 
or demerits in accordance with their relative values. 

From these records one feature is especially worthy of note. 
Almost in every ease, flic discharge of the insulator was started 
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by a sharp comer or point of the metal fittings by means of which 
the sections were held together. In all cases except A, Band D, 
the static field around the insulator sections was uniformly 
distributed in consequence of the almost symmetrically arranged 
parts occupying a space within this field.. The word “ almost ’’ 
is used, as the presence of even slight projections like the head o 
a cotter-pin in the bolt linking the two sections together was 
enough to breakup the air at that point after a certain voltage 
was reached. In case D this phenomenon was particularly 
noticeable. The metal parts in the shape of two prominent hooks 
were so large that the field was excessively distorted, creating 
highly uneven stresses in the air. The highest stresses are 
localized at the sharp point of the hook, as is apparent themoment 
the voltage is raised above a critical value. That this distortion 
of the field is alwavs accompanied by a premature failure of the 
insulator can be proved by eliminating those asymmetrical 
iron parts, covering them, for instance, as was done m some 
experiments, with a cylindrical metal shield. Although the 
striking distance is thereby somewhat reduced, the insulator 
is capable of withstanding a voltage at least 10 per cent over and • 
above that which it was able to withstand with the hooks 
bare. In case of A the distortion of the field is especially prom¬ 
inent. As beautiful as the link feature appears from a purely 
mechanical viewpoint, it creates most unfavorable stresses m 
the air between the disks, likewise in the holes within the disks. 
The stresses in the porcelain cap are more uniformly distributed 
in all cases except A and B. In these latter, the dielectric is 
strained the most at that point where the interlinking metal 
parts have their least separation from each other. In all other 
cases in which use is made of a metal cap and pin, the stresses 
in the porcelain are higher closer to the pin, and decrease gradu¬ 
ally and uniformly towards the cap. As long as the highest 
value of this stress is well below the safe working limit the insula¬ 
tor is not endangered. But in every case, the diameter of the 
pin, together with the voltage it assumes, remain the determining 
factors for the highest stress of the porcelain within the cap. 
For this reason, it seems that no advantage is gained by the use 
of a two-piece insulator. Theoretically correct, the idea of using 
two thicknesses of porcelain would appear to offer a larger margin 
of safety. In practise, the idea cannot be worked out to its 
full efficiency, for the size of the pin cannot be increased without 
correspondingly increasing the size of the cap, making an in¬ 
sulator of this sort too bulky and altogether impractical. 























PLATE CXXX 
A. !. E. E. 
VOL. XXXI, 1912 



Fig 8c —Type D—280 kv,-| in. 
Water per Min.— 45 deg. 

Breakdown of insulator in consequence of 
flash-over—Note localized discharges from 
point and back of hooks 


I SO Tit M AN | 

Fig. Hd .-Type B Seven Sec¬ 

tions—' 2(H) K,v, *i in. Water per 
min.— 45 nEG. 

Breakdown of insulator in consequence of 
strong leakage from section to section Note 
discharges from points (cutter pins) on cap. 






















CXXXI 

E. 

, 1912 


Fig 8<? —Type E—Eight Sec¬ 
tions—810 kv.—§ in. Water per 
MIN,- 45 DEG. 

Breakdown of insulator in consequence of 
strong leakage from section to section—Note 
discharge from points icotter pins) on cap. 


[sothman] 

Fig. 8/—Type F — 300 kv.-J in. 
Water per min.— 45 deg. 

Breakdown of insulator in consequence of 
flash-over from section to section—Note 
heavy firing inside petticoat in first and 
second sections—Also point discharges (cot¬ 
ter pins.) 









PLATE CXXXIl 
A. I. E. E. 

VOL. XXXI, 1912 








PLATE CXXXIIi 
A. I. E. E, 
VOL. XXX!, 1912 



[sothman] 


Fig. 10a —Type D—Five Sec¬ 
tions— 280 kv. —i in. Water per 
Min.— 45 Deg. 

Note discharge localized at point and back 
of hooks. 


Fig. 106 —Type D —Same as 
Previous Test (a) Except Hooks 
Protected by Bottle-Shaped 
Shields 

Note absence of distress. 












PLATE CXXXtV 
A. I. E. E. 
VOL. XXXI, 1912 



ISO'HlMANl 


Fig. 10c — Same as Preceding Test (ft) Except Voltage Raised 

to 300 KV. 

Note uniformly distributed discharge. 





cxxxv 

. E. E. 

CXI, 1912 


IsothmanJ 

Fig. 115—Type C —Fractures Occurred at 15,000 lb. 

Note distortion of U-shaped eye-bolt indicating excellent holding power of construction. 


[SOTHMAN] 


Fig. 11c—Type D — Hook 
Pulled Out at 9000 lb. 

Poor mechanical design—holding power 
of hook reduced to the shearing strength of 
cement. 


Fig. 11a—T ype B —Fracture 
Occurred at 8000 lb. 













PLATE CXXXVI 
A. I. E. E. 

VOL. XXXI, 1912 


Note sound fracture -eye-bolt pulled out 
hartfe and plyeerine which had remained 
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From all these considerations it was found advisable to have 
the metal parts of the insulators as symmetrical as possible, 
presenting a smooth and even surface void of any projection 
whatever. In accordance with this suggestion the ball and socket 
type connection was subsequently devised by one manufacturer 
to meet this contingency. 

Another feature which militates against the use of a two-piece 
insulator is the fact that it is impossible to equalize the stresses 
in the two pieces under all and any conditions. In a dry condi¬ 
tion, the porcelain of the inner petticoat is far less strained than 
when the top section is wet and conducting. The working 
efficiency of the material is bad and the cost of a two-piece 
insulator is necessarily high. 

Outside of the design determining the electrical efficiency of 
the insulator, the method of mechanically connecting the different 
units to a string is of no little importance. The practise of 
cementing a pin into a porcelain shell and subjecting the pin to 
a strain may, at first sight, be regarded by many engineers as 
a doubtful proposition, and it was in that light that the inter¬ 
linking feature of types A and B was devised. As already men¬ 
tioned, this link feature has proved to be a failure, at least electric¬ 
ally, and the cemented pin has so far given no cause for complaint. 
The breaking strength of the cemented pin, on the other hand, 
had been found to be far superior to the wire link type, in some 
cases being nearly twice as strong. The device of type C is un¬ 
questionably a most splendid solution of the problem, as for an 
actual holding power, this type can hardly be excelled. 

As stated elsewhere, it was possible to tabulate the test re¬ 
sults and to classify the insulators according to their merits and 
demerits. How this was done will appear from the two follow¬ 
ing tables. The first table contains a summary of characteristics, 
i, *>., a tabulation of all features which can be measured and ex¬ 
pressed in one or another unit. The first column of this table 
contains characteristics. like diameter, spacing, number of sec¬ 
tions, length over-all, open spacing between sections, widths, etc. 
A number of other characteristics relating to design are also 
added, like number of pieces, method of connecting the sections, 
material, etc., and finally, characteristics bearing directly on 
their electrical efficiency, like leakage distance, thickness of shell, 
dry surface, etc. Opposite each column representing the actual 
figures corresponding to each type of insulator were placed 
certain comments, indicating observations or deductions with 
regard to those particular characteristics. 
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The second table is really a condensed statement of all results 
from actual tests, both electrical and mechanical. The table also 
contains the specification requirements. In compiling this 
table, a certain assumption was made which, although not 
absolutely correct, was justifiable in the light of the present 
comparison. For instance, in reference to the number of sections 
used, it was assumed that the share of line voltage oer section 
was in direct proportion with the line voltage and number of 
sections. 

According to the values given in the table, each section of 
insulator is subject to a voltage of approximately 22 kv. in all 
cases, except in type E , where this voltage drops to 15.7 and even 
13,8 kv. per section, according to whether a complete insulator 
is made up of seven or eight sections, respectively. With the 
flash-over voltage per section known, the ratio of flash-over 
voltage to share of line voltage can be determined, this figure 
being equivalent to a safety factor against flash-over for the 
individual section. From the table it becomes at once apparent 
that type E has a very high ratio in comparison to type .4, which 
has the lowest. Likewise, with the puncture voltage per section 
known, the ratio of puncture voltage to share of line voltage 
represents another safety factor against puncture, which, as in 
the former case, is the highest for type E and lowest for type C. 
The voltage per inch leakage distance has been found to be 
highest with type A, and lowest with type C, type E being 
next highest. 

The table also gives the approximate percentage of sections 
puncturing. During the long run of the test it was found that 
insulator sections would puncture for no apparent cause and a 
record was kept of all these failures. At the end of the test it 
was considered of importance enough to compare these percent¬ 
ages with each other, assuming that these values could be taken 
as a fair indication of the superiority of one insulator above the 
other, with reference to its dielectric strength. From the table 
it will be found that types F and A both had exceptionally high 
percentage of puncture as compared with the low percentage 

of type E. ^ 

The average breaking strength of the different types of in¬ 
sulators as found from numerous tests are tabulated in the last- 
named table under “ Mechanical Tests.” The highest values 
were obtained with type C, the lowest with types E and F, all 
three types being cemented insulators. It must be said in de- 
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fense of the last two types, that subsequent tests on regular stock 
insulators showed a breaking strength of not less than 8000 lb. 
(3628 kg.), the relatively poor results obtained by the former 
tests being due solely to the cement which had not properly set. 

From all observations and test results, the following conclusions 
were drawn up on which a classification of the various types of 
insulators, in the following order, was based: 

1. Type F, This type meets electrical requirements but not 
the mechanical tests. Design, however, can be readily modified 
to meet mechanical tests and incidentally, improve the insulator 
electrically. Percentage of puncture can be kept down by rigid 
inspection. Insulator shows high class of workmanship and 
material. 

2. Type E . This type meets electrical tests with eight sec¬ 
tions, but not the mechanical tests. Insulator should, without 
material modification of design, be able to come up to the re¬ 
quired mechanical tests. Slight increase in diameter should 
also increase electrical efficiency of insulator. Large number of 
open spaces between units is of advantage. Insulator is strong, 
durable, light and compact. Method of connecting units should 
be modified so as to present symmetrical and smooth surface to 
prevent premature discharge. 

3. Type D. This type meets electrical and mechanical tests. 
Insulator has, however, very faulty design. Diameter too large; 
weight and bulk too high. Inefficient cementing of hook. 
Hook feature to be condemned, causing distortion of field and 
premature discharge. As a two-piece insulator, electrical stresses 
of petticoats are not balanced. 

4. Type C. This type meets the mechanical but not electrical 
requirements. The insulator is far too fragile, causing excessive 
breakage in ordinary handling. Sections are too close upon each 
other, leaving too small a clearance between units. As a two- 
piece insulator, electrical stresses of petticoats are unbalanced. 

5. Type A . This type meets mechanical but not the electrical 

requirements. 

Final selection of the type E insulator was made in consequence 
of various favorable considerations. Type F is of European 
design and manufacture, and its selection would have entailed 
several difficulties, especially in regard to delivery. Next to 
type F, type E was found to be the most suitable and practical 
insulator, both from an engineering and a commercial point of 
view, and this consideration, together with the outlook for better 
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deliveries, determined its adoption. It must be mentioned that 
the diameter of the insulator was subsequently changed from 10 
in. (25,4 cm.) to 11 in. (28 cm.), and that t lice 1 >a 11 and socket type 
eon nection was tin i versa! 1 y a < 1 op ted. 

STRAIN INSULATORS 

No special insulators were offered for use as strain insulators 
excepting the one designated as type ,/b which is but a variation 
of type A. In order to increase the efficiency of the suspension 
insulator for use as a strain insulator, one or two additional sec¬ 
tions were added by the manufacturers. From numerous 
tests similar in character to those perlormed on suspension 
insulators, it was found that none of the different types recom¬ 
mended by the manufacturer met the requirements of the speci¬ 
fications for wet test. Excessive leakage at voltages below the 
standard fixed in the specification (220 kv.) made their use as 
strain insulators prohibitive. As one exception, type /{, using 
as many as ten sections instead of seven, showed some advantage 
over the others, but even at its best was found to be not entirely 
satisfactory. In every ease, failure of the insula tor did not occur 
suddenly, but very gradually. Distress begins to be visible at 
voltages as low as 110 kv., this distress increasing in almost 
direct proportion with the voltage. 

After considerable experimenting with new designs and 
numerous combinations, it was found that the use of ten sections 
of the adopted insulator type E gave the least unsatisfactory 
results of all. With a modification of the design of the cap, 
increasing the breaking strength of the insulator, this type* was 
finally adopted for use as strain insulators. 

The preceding sections of this paper dealt with the investiga¬ 
tion only in so far as it covered the selection < >f a, suital >le insulator. 
With this question settled, there remained one not less important 
pait of the work, viz.; the supervision of the factory tests on some 
140,000 insulator sections. The specifications called for distinct 
electrical and mechanical tests on each unit, and the acceptance 
of the insulators was based on their ability to pass these tests. 
Outside of these specified tests, the insulators had to conform to 
certain well-defined standards as to shape, quality, finish, etc. 
The whole inspection and supervision of tests was comparable 
to a weeding-out process, and it was the duty of the inspectors 
to see that this process was carried out in conformity with the 
specifications. After successful completion of all factory tests, 
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the insulators were packed and shipped to the nearest railroad 
siding where they were delivered to the contractors. 

Even though the specifications were drawn up with the utmost 
care, taking into consideration every phase of the work involved, 
it was found during the course of this investigation, and especially 
during the subsequent work at the factories, that they did not 
meet every contingency. In a number of instances it was found 
almost impossible to hold the manufacturer down to the terms 
of the specification, but that he had to be allowed a considerable 
margin in his favor. A1though the manufacturer guaranteed 
to furnish insulators in accordance with samples submitted and 
approved, in the regular course of manufacture it was found 
to be a commercial impossibility to keep the standard at 
par with the hand-picked samples. In prescribing limits be¬ 
tween which variances were allowable, both mechanically and 
electrically, it proved to be a very difficult matter to draw a 
distinct line. After the contract was let and the manufacture 
was progressing, difficulties were encountered in determining 
when an insulator had successfully passed certain inspection or 
tests, requiring several conferences between manufacturer and 
engineers in order to come to a definite understanding. From all 
these experiences and observations, it was found that specifica¬ 
tions for high-tension insulators were susceptible of a number 
of amendments, which, if properly worked out, would go far 
towards minimizing possible misinterpretations and misunder¬ 
standings. 

In viewing this work now, after a number of years rich in ex¬ 
perience have passed, and in the light of all after events, it must 
be admitted that the problem of insulating high-tension trans¬ 
mission lines is yet far from being solved. Much valuable ex¬ 
perience has been gained which in the course of time will un¬ 
doubtedly be utilized to improve methods and means of effec¬ 
tively insulating and protecting a transmission line. With 
special reference to the question of insulators and their future 
development, it will be understood by all, that work in this direc¬ 
tion can be carried out successfully only with a close co-operation 
between the ceramic and operating engineers. The question of 
properly designing and loading an insulator is one which presumes 
a thorough knowledge of transient phenomena occurring on a 
transmission line and their proper interpretation with regard to 
the effect on the insulators. Once these phenomena are known 
and their effect thoroughly understood, the drawing up of sped- 
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fixations for* high-tension insulators will become a matter less 
open for^conjecture. For it is quite probable that precautions, 
now taken in one direction, are often unwarranted and uncalled 
for, whereas, on the other hand, liberal allowances made in other 
directions may be of the greatest detriment to the line and 
insulators. 

In summing up the experience gained during the foregoing 
investigations, especially with regard to testing, the following 
points are presented as worthy of future consideration and dis¬ 
cussion. 

They are given in the form of an itemized list of headings or 
questions to which are added a few remarks, commenting on 
certain experiences gained either in the field, in the factory, or 
in the testing room. 

Design Test . 

What design test should be specified for insulators intended 
to work at a certain voltage? 

In the present case a dry test of three times line voltage was 
specified. Experience, however, seems to indicate that even 
though the insulator may meet this arbitrary condition, its 
safety against failure in actual operation is not thereby assured. 
It is a well-known fact that an insulator is never endangered by 
the steady static forces but rather by those sudden and transient 
movements appearing in a system and caused either by external 
or internal disturbances. It is not the steady dead-load which 
is dangerous to a bridge or structure, even though it may assume 
a value two or three times higher than the load for which it was 
designed, but those moving loads which wall set up vibrations 
and surges in the structure, especially if they are rhythmical 
in character and coincide with the natural swing of the bridge. 
For this reason, soldiers are generally not permitted to cross a 
bridge while marching in step. Although the actual forces coming 
into play are insignificant in such cases, their effect may, under 
certain conditions, become disastrous. It is without doubt that 
the insulators of a transmission line are very susceptible to 
similar phenomena, and to guard against failure from these causes, 
it will be necessary to impose tests of an entirely different 
character. 

Method of supporting insulator during test, Should insulator 
support be grounded and voltage applied to groove, or should 
voltage be applied between groove and pin, both ungrounded? 

At first sight, it may appear as if the manner in which the 
insulator is supported during tests is of no importance. As a 
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matter of fact, the proximity of large grounded or ungrounded 
bodies close to the insulator under test will materially affect the 
distribution of the static field around the insulator, especially 
when these tests are performed with one side of the potential 
grounded; the best method of supporting an insulator and apply¬ 
ing a test would undoubtedly be the one which closely approxi¬ 
mates conditions under which the insulator works in actual 
operation. 

Capacity of testing transformer and generator. Method, of 
regulation of voltage. Determination of correct voltage during 
test at any time. Should spark gap be used or static voltmeter, 
or should step-down transformers in connection with voltmeters 
be used? 

The kilowatt capacity of the testing outfit cannot be too large, 
for the puncture of a weak insulator may never be discovered 
but for the power back of the transformer. 

As to the method of regulating the voltage: It must be 
accomplished by means which do not alter the shape of the al¬ 
ternating-current wave form and the latter should be a true sine 
curve. From the different means employed today, like water 
rheostat, induction regulators, auto-transformers, etc., the 
method of regulating the voltage of the alternator by controlling 
its field current seems to offer the most advantages. 

In reference to the determination of the voltage, several 
methods are at present in vogue. The most common of these 
methods involves the use of a properly calibrated spark gap. 
An ordinary voltmeter in connection with a step-down trans¬ 
former is also used, and finally, in some instances, static volt¬ 
meters have given excellent satisfaction. Each of these methods, 
however, has its drawbacks. The spark gap setting is susceptible 
to atmospheric conditions. It may also introduce undesirable 
oscillations at the instant of discharge. The breakdown voltage 
of an insulator cannot be determined by means of spark gap 
alone, which in this case must be supplemented by a volt¬ 
meter reading. Another feature is the burning off of the 
points, each time the gap discharges, a matter which cannot 
always be avoided. The method employing step-down trans¬ 
formers is not altogether relia ble and should be used in connection 
with a gap from which the voltmeter readings are calibrated. 
Undoubtedly the' best method to ascertain the value of the 
testing potential is by means of a static voltmeter of suitable 
design. 
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Frequency, permissible distortion of wave form, effect of har¬ 
monics and liigli frequencies. 

The effect of the frequency upon the results is a matter which 
is very seldom fully appreciated. The value of the charging 
current increases in direct proportion with the frequency, and 
the effect of this current will naturally follow a similar law. An 
insulator tested at GO cycles will show different results than when 
tested at 25 cycles, the potential being the same in both cases. 
If for any reason, the wave form of the alternator is not a true 
sine curve, the results may become extremely misleading, to say 
the least. In one case which is on record, a porcelain transformer 
bushing was tested at two different places under apparently 
identical conditions, and yet the results differed hv nearly *10 per 
cent. The tests were checked and repeated several times with no 
better results until, finally, the wave form of one of the alternators 
was found to have a very pronounced Kith harmonic. Immedi¬ 
ately this harmonic was suppressed, the tests could, he duplicated 
at both places without difficulty. The smaller the number 
of insulators tested, the smaller also the capacity of these insula¬ 
tors, the more pronounced will be any effect caused by higher 
frequencies appearing in the electrical system used for such tests. 
With a large number of insulators, and, consequently, with a large 
capacity available, these higher frequencies will cause relatively 
little trouble, provided the amount of energy they represent is 
small. But in all eases where the capacity of the insulator tested 
is small, the wave form of the alternating current should be a* 
pure sine wave. 

As to the number of insulators which should be tested in order 
to arrive at a fair average value, this is a matter left open for 
discussion. 

Effect of power factor upon test. 

The effect of the power factor on insulator tests is also left 
open for discussion. When a large number of insulators are 
tested simultaneously, the available load of the transformer is 
utilized to charge that large capacity and there will exist, consider¬ 
able lead between this charging current and the impressed e.tni. 
Whether or not this power factor has any influence cm the test 
results is left open for discussion. 

What wet test should be specified? Should it, be artificial rain, 
dew, salt water spray, etc.? Amount of precipitation per minute? 
Character of precipitation and means for applying the name? 

Angle at which this precipitation should be applied? 
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Several means for approximating the conditions found in the 
open air are used at the present time. Artificial rain is applied 
which may vary between wide limits from a downpour to a mist; 
it maybe applied vertically or at an angle, usually 45 deg. Or 
else the insulators may be confined within an air-tight room in 
which steam is left to escape until the insulators are completely 
enveloped in an atmosphere of steam and covered with a film of 
condensed vapor. Each test will yield certain results, but no 
two tests can be compared unless the conditions governing the 
tests are the same in both cases. Which of these methods is 
the most effective remains to be determined. It should 
always be chosen with regard to the facility for duplicating it 
at any time. In the present instance, the specifications called 
for 250 lev. with 0.5 in. (12.7 mm.) rain per minute vertically 
applied, or 220 kv. applied at 45 deg. These figures may seem 
arbitrary, and far above the standards commonly used, but on 
the other hand, they also include a safety factor higher than it 
is customary to allow. The above rain tests are easily made or 
duplicated, which is a great advantage. On the other hand, 
the distribution of the water needs considerable improvement 
to approximate more closely real rain. 

What should determine the failure or the success of insulator 
under test? Should it be the luminous display when test is per¬ 
formed in absolute darkness, and if so, what should be the limit of 
intensity? Or, should the ratio of flash-over or breakdown 
voltage to voltage at which first sign of luminosity appears, be 
considered? 

With all conditions of test fully determined, and agreed upon, 
there remains the most difficult task of all; namely, to judge the 
performance of the insulator under test. The method followed 
and described elsewhere in this paper was the only one which 
promised, to yield comparable results. This method, however, 
has the disadvantage of being a purely subjective matter. Even 
the comparing of photographic records is susceptible to that 
personal element always present. That the method is not free 
from objections has been realized from the start, but in the 
absence of some better way, it had, at least, the advantage of 
simplicity. It is quite evident that there must be other ways 
of determining the efficiency of insulators than by merely com¬ 
paring their luminous display either among themselves or with 
that of a standard. W 7 hat this method should be, is an open 
question. Undoubtedly, the determining of watts lost would 
yield results free from the personal element if a reliable method 
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could be devised. In regard to the other method mentioned, 
in which the ratio of breakdown voltage to voltage at which first 
brush discharge becomes visible, is made the basis of comparison, 
it is likewise not always an easy matter to determine the exact 
value of this voltage. The breakdown voltage of an insulator, 
as a rule, is fairly constant, but the voltage at which the brush 
discharges become visible depends largely upon various accidental 
conditions and eventualities which render its determination ex¬ 
tremely difficult. Consequently, this method should be viewed 
with the utmost caution. 

Puncture Test. 

Method of applying and performing test. Method of apply¬ 
ing electrodes. Number of samples to be tested in order to arrive 
at a fair average value. 

As a well-proportioned insulator will flash over before its punc¬ 
ture voltage is reached, it becomes necessary to test the insulator 
under oil. In this test, the most important feature is the appli¬ 
cation of electrodes. Unless the area presented is of sufficient size, 
erratic and unreliable results are obtained. The cemented cap 
and pin of sections of the suspension-type insulator form ideal 
electrodes in a test of this character, inasmuch as they distribute 
the stresses in the porcelain evenly and uniformly, also in ex¬ 
actly the same manner as obtains in actual use. 

Mechanical Test. 

What should this test be? Method of subjecting insulator 
to mechanical test according to whether pin insulator, suspension 
or strain insulator is tested. Method of applying load. Method 
of recording load at any instant. Should mechanical test be 
performed with insulator under voltage? 

Routine Test and Inspection. 

Inspections for physical defects. What are the limits to be 
observed in rejecting insulators on account of mechanical imper¬ 
fections? 

There naturally exists considerable difference of opinion be¬ 
tween manufacturers and engineers as to the insulators which 
should be rejected. In most instances, the porcelain manufac¬ 
tured in this country will show an imperfect surface. This 
imperfection is caused by warping of body, discoloration, s mall 
cracks, flaws, grooves and foreign material adhering to glaze, 
bubbles underneath the glaze, etc. As a rule, foreign and 
especially German porcelain is faultless in those repects and there 
is never the slightest difficulty in rejecting insulators in these 
factories. 
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What routine tests should be specified? Method of applying 
such tests. Number of insulators tested simultaneously. 
Method of applying voltage. Should these tests be continuous 
or should test be executed in stages, allowing for the removal 
of insulators failing during test? If insulators are subjected to 
time test, should the test be continuous? Is it good practise 
to subject insulators to flash-over test for any length of time, 
with regard to possible deterioration or fatigue of the porcelain? 

What conditions will determine the success or failure of test? 
Should insulators failing, be cut off automatically from the rest 
of the insulators under test? 

Two-Piece Insulators. 

Where insulators are made up of several parts, cemented 
together, should cement preparation and method of cementing 
be specified? Length of time allowed for setting? Should 
insulator be tested over electrically after cementing is done? 

Considerable difficulties were experienced in Germany with 
cemented insulators. The cement used in that country is either 
plaster of paris prepared in a special way, or litharge and glycerine 
and several other cements of secret composition. It has been 
found that after some time, the shells would crack, due—as was 
inferred—to the working of the cement used, and for that reason 
the cemented type insulator has been abandoned in favor of the 
single-piece type. 

While the insulators which were selected as a result of these 
tests have proved to be highly satisfactory throughout a period 
of two years’ operation, there have been nevertheless a few char¬ 
acteristic failures. In most cases the ultimate failure of these 
insulators was due to puncturing, although there exists strong 
evidence that this failure was preceded by the cracking of the 
petticoats, through no apparent cause. In most cases when 
puncturing takes place, it affects all sections of the insulators, 
with the curious but nevertheless logical result that holes are 
burned through the insulator cap opposite the point of puncture 
in the porcelain and fusing the metal surrounding it. The 
size of the hole in the cap depends to a great extent upon the 
time setting of the circuit breakers at the power station. If the 
circuit breakers trip out instantaneously after puncture has occur¬ 
red, there may be no burning of the cap whatsoever. On the other 
hand, if the circuit breaker holds on for three or four seconds or 
even longer, the current to ground, which is limited through a 
resistance of large heat capacity connected between the neutral 
point of the transformers and ground, fuses the porcelain and 
adjacent metal parts. In one of these cases, where the holes 
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through the caps were quite large, the circuit breaker did not trip 
out at all and one of the insulator sections, under tin; excessive 
heating action of the current to ground, finally came apart, thus 
automatically interrupting the circuit. 

It is a rather difficult matter to determine the primary source 
of these failures. It may be due to cracks in one or two of the 
sections, which naturally tend to lower greatl y the t<>tal insulating 
capacity of the insulator. If then, during a lightning storm, or 
during switching, surges are set up in the line, the weakened 
insulator becomes punctured as a. direct result of any discharge 
occurring in the vicinity along the line. Considering the large 
capacity involved in the system and the power back of the trans¬ 
formers, this localized discharge in the insulator may immediately 
set up powerful commotions and oscillations which may affect 
the adjacent insulator and finally puncture one after the other in 
rapid succession. 

The cracks inside the insulator cap and also the falling apart 
of the insulator sections with no apparent cause may have 
been due to faulty insulators having accidentally passed 
inspection, or it may have been brought a,bout by the sub¬ 
sequent expansion which takes place in the cement within the 
cap and around the pin. This cracking of the cemcnle* 1 insula,lor 
has been experienced in Germany, as mentioned elsewhere in 
this paper, although in these cases the insulators in question wore 
pin insulators only. It is almost impossible to determine whether 
the cracking of the porcelain within the cap is actually due to 
the uneven expansion of the porcelain, cement, or metal, cap 
under temperature changes, or whether they were a result of the 
puncturing of the insulators. The inspection of some 140,000 
sections of insulators was a task requiring much endurance, and 
although the work was carried out with great conscientiousness, 
it is quite possible that a few sections with a weakness in the 
porcelain cap which would not be detected by the ordinary 
routine test, may have passed by. There is also to be considered 
the theory of electrical and mechanical f atigue in the porcelain 
and cement respectively, which has already been discussed by 
several authorities. There seems to be no doubt that some such 
effect takes place, but the data which have been collected so far 
on the subject aie not sufficient to permit of definite conclusions 
being drawn. To be able to insure absolutely continuous service 
over any transmission system may necessitate the section alizing 
of the line, where each section can be periodically tested at much 
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higher voltage, or else it may be necessary to remove the insulators 
in batches and test them individually, as has already been done 
by one of the large operating companies. 

At the present time there appears to be a rather unwarranted 
competition by the different manufacturers and operating com¬ 
panies to use excessively high voltages. There is a system already 
in operation at 145,000 volts and quite recently another company 
has contemplated the use of 180,000 volts. In view of the fact 
that operation at 110,000 volts has not yet reached a stage of 
maturity, and the fact that phenomena which were not antici¬ 
pated, occur on such lines, and which, even now, are far from 
being fully understood, considerable caution should be displayed 
before attempting the use of still higher voltages. A few years 
ago the suspension type of insulator was heralded as the solution 
for line insulation up to any voltage at which it would be practi¬ 
cable to operate for many years to come. The factor limiting 
the use of high voltages so far as the line was concerned was then 
considered to be the effect of corona and leakage into the atmos¬ 
phere. But from past experience it is almost certain that these 
views will need revision and that a systematic and thorough 
study of the properties of insulators is urgently required. 

Examples of the rather uncertain conditions manifesting them¬ 
selves in a high-voltage power transmission system are mainly 
the behavior of oil circuit breakers when large amounts of power 
have to be handled, the lightning arrester problem, and even the 
high-tension transformers. Most all of this apparatus, as will 
be admitted by the manufacturing companies, is yet in the stage 
of development, and it is very gratifying to see that a large 
amount of study is being devoted at the present time to render- 
ing these devices more reliable in service. 

The above criticism should not be taken as an indication of 
extreme conservatism or as tending to block the way to progress, 
but under the prevailing conditions, it is almost imperative that 
a word of caution should be spoken to prevent the somewhat 
extravagant use of the higher voltages when the use of lower 
voltages would answer the purpose equally well, and especially 
when the difficulties which are encountered with these extreme 
voltages may endanger the financial prospects of a particular 
power proposition. 

I cannot close this paper without mentioning the Ontario 
Pow T er Company at Niagara Falls, in whose plant these tests 
were made. The president of the company, Mr. J. J. Albright, 
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and vice-president, General F. V. Greene, and their engineer 
in charge, Mr. V. G. Converse, have given their heartiest support 
and assistance to the furtherance of this work in gratuitously 
supplying all necessary testing equipment, power and the help 
of their personnel for these tests. I welcome this opportunity 
to personally and publicly thank these gentlemen for the interest 
they have taken in this work, for their generous help and friendly 
cooperation. 
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Discussion on “ High-Frequency Tests of Line Insulators 
(Imlay and Thomas), and “Comparative Tests on 
High-Tension Suspension Insulators ” (Sothman), New 
York, December 13, 1912. 


Ralph D. Mershon: There are a number of things in connec¬ 
tion with the paper by Messrs. Imlay and Thomas that are not 
clear to me, and which I would like to have Mr. Thomas elucidate. 
For instance, in Fig. 3 of their paper there is shown a.metal band 
around the insulator, and it is said that the effect of that me 
band is equivalent to increasing the diameter of the pm. I hat is 
not quite clear, neither is it quite clear that putting a cap on the 
insulator is equivalent to reducing the diameter of the pm, the 

opposite effect of the band. . . 

As to the change in voltage distribution over an :insulator 
with change of frequency, I think there is no doubt about that, 
both from theoretical considerations and from measurements m 
connection with some high-voltage tests made at Niagara on 
which I reported to the Institute some time ago. These measure¬ 
ments were of the losses on insulators. The losses varied with 
the frequency. Inasmuch as other measurements made at that 
time indicated there was little, if any, loss in the porcelain of the 
insulator, it appeared that the losses measured were mainly con¬ 
fined to the surface of the insulator. And the only acceptable 
exp lana tion for the variation of these losses with frequency was, 
t ha t as the charging current of the insulator changed with the 
different frequencies, the amount of charging current that had to 
flow over the surface changed, resulting m the change m the 
values of the losses. That change in loss would indicate a change 
in distribution similar to the one of which Mr. Thomas speaks, 
because change of loss, due to a change of charging curren , 
means a change in the voltage absorbed on those parts of the 
surface over which the current has to flow m order o c g 

other portions of surface. . . . 

There can be little question in the mind of any one who has to 
do with transmission lines that the main point brought out m 
this paper is correct; namely, that the behavior of insulators 
under high frequency is not the same as their behavior under 
commercial frequencies. Again and again insulators are punc- 
tured in service, which under test at commercial frequencies 
would flash over rather than puncture. _ This happens with 
wooden as well as metal pins, although it happens more fre¬ 
quently with metal pins. But you do not have to go to insulators 
to see there is a difference between action of high and low fre¬ 
quencies. You have seen a dry transmission line pole struck 
by lightning and shattered. Instead of taking the perfectly easy 
path through the air alongside the pole, the lightning preferred 
to go through the pole and smash it to pieces. I could under¬ 
stand how the lightning might choose a green tree with the sap 
in it, rather than the air alongside of it, but it is difficult to under 
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stand why it should prefer to go through a dry pole, which we 
have reason to believe would, if tested at commercial frequencies, 
flash over before it would pass any serious amount of current. 

High-frequency tests should be continued further, and the 
endeavor should be made, when more knowledge as to these 
phenomena has been obtained, to connect up the effect of high- 
frequency tests with the results of tests at commercial frequencies. 
In other words, the endeavor should be made to determine what 
tests at commercial frequencies (either as to voltage or time, or 
both) w^ould constitute an equivalent of high-frequency tests, 
so that tests can be made under ordinarily available conditions, 
equivalent to tests at high frequency. 

In Mr. SothmaiTs paper rather undue emphasis seems to be 
laid upon factors of safety relative to the line voltage. It would 
seem that our experience, extending over a number of years, 
has show r n that the problem of insulating a transmission line is 
not so much a problem of insulating it against the line voltage— 
that is comparatively easy—but the problem of insulating or 
protecting it against lightning or lightning effects. 

On the last page of his paper Mr. Sothman has spoken in a 
rather discouraged w r ay in regard to higher voltages. Now, while 
1 agree w T ith him that in some cases it would seem that higher 
voltages have been adopted than wrere justifiable, I think them 
unjustifiable on the score of economics rather than on the score 
• of difficulties to be met with in operation. There is no particular 
reason to believe that the percentage of electrical troubles will 
be' any greater with higher voltages, requiring an increased 
number of units in the suspension insulator, than there are now, 
though I can see some chance for a considerable increase in 
mechanical troubles. 

There is one other point I desire to take up that bears on both 
these papers, and on other w r ork that has been done and papers 
that have been read before the Institute in regard to suspension 
insulators. 

The term “ string efficiency ” has been used, presumably as 
being indicative of the w^ay in which the impressed voltage distri¬ 
butes itself over a string of insulators. As I understand that, 
it is the ratio between the voltage required to flash over a string 
of n units and n times the flash-over voltage of one unit. In the 
first place I protest against the term “ efficiency 5? as applied to an 
insulator. In engineering w^ork the term efficiency is used to 
designate the ratio of output to input. It cannot, though, be 
properly applied to an insulator. Some such term as u string 
ratio ” would be better, and W’OuLd fit the case, and with your 
permission I will use it. 

The term “ string ratio ” is not necessarily indicative of the 
distribution of voltage over a suspension insulator. It would 
appear that in the adoption and use of this ratio as an indication 
of the voltage distribution, a point has been overlooked that is 
of considerable importance, especially where the suspension in-- 
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sulator is made up of units closely spaced, \fyhat I have m mind 
will appear from what follows. 

In order to simplify the discussion consider the very elementary 
form of insulating unit shown in Figs. 1 and 2, consisting 0 an 
insulating disk on each side of which is a metal hub representing 
the metal parts of the insulating unit usually employed. Also, 
for the sake of simplicity, assume that the flash-over value ol;any 
given distance is- directly proportional to that distance. Inis, 
as we all know, is not strictly true, so that the following discus¬ 
sion will be in error quantitatively, to the extent that this assump¬ 
tion is wrong, although, as you will see, the assumption does no 
affect the discussion qualitatively, and does not therefore intro¬ 
duce any error in the general conclusion arrived at. ^ 

In the figures the upper and lower surfaces of the units are 
designated by a and b, respectively. Let a and b also stand or 
such numerical values as will represent the flash-over values|ot 



Fig. 1 


Fig. 2 


these surfaces. Then the flash-over value of one of the units, 
say No. 1 of either of the figures, will, when tested singly, be 
ai + bi. Let c, the distance between the edges of the disks, be 

such that its flashing value is c. 

Suppose a direct current voltage be impressed upon the two 
insulating units of Fig. 1, the value of the voltage being just under 
that at which the insulator will flash over. There will be a leak¬ 
age over the surface of the units, and as the result of it the volt¬ 
age impressed will distribute itself between the two units 1 and 2. 

Now if the flashing value of c, the spacing of the insulator units, 
exceeds the value of bx + ch the tendency will be for the curren 
to flash around from metal to metal of each individual uni , 
making use of the metal connection between the units m traveling 
from one unit to the other, instead of flashing around the whole 
string of units from the metal of the upper one to the metal ot 
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the bottom one. Under this condition the actual distribution of 
voltage over the insulator will be uniform, and the string ratio of 
the insulator will be unity. So, also, will the distribution of the 
voltage be uniform and the string ratio unity if the value of c is 
just equal to b\ + a 2 ; i.e. if the flash-over is just as likely to occur 
around individual units as it is over the combination. In both 
these cases, therefore, the indication of the string ratio agrees 
with the actual condition. 

If the flashing value of c be less than that of b\ + a 2 the 
tendency will be for the current to flash through the path 
ai + c + b 2 , and if the impressed voltage be of a value just under 
the flash-over the impressed voltage will be distributed over the 
distance a x + c + b 2 . Let us assume that.c is of a sufficiently 
low value so that the latter condition holds. Then the string 
ratio of the insulator will be 

J? —; a iH~g+^2 
2 (ai + b\) 


Or, since in exactly similar units b x and b 2 will be identical, 

R=— -I-£- 

2 2 (ai + b\) 

Or, more generally, 


R = 


1 _ 

2 


+ 


c 

2 (a + b) 


( 1 ) 


Similarly, for three units, as in Fig. 2, the string ratio is: 

R = c + c + ^3 = I j_ 2 c _ 1 , 2 c 

3 (oi + bi) 3 3 (oi + b{) ~ 3” ' 3 (a + b) 

And for n units the string ratio is 


R = — 
n 


+ 


(« — 1) c 
n (a + b) 


( 2 ) 


Now let us examine equation (1) applying to.Fig. 1. We see 
from the last term that if c is equal to (<a + b) the value of R is 
unity which agrees with what has just been stated. If c is less 
than (a + b) the value of R is less than unity. But suppose the 
values of a and b were exactly identical, as would be the case if the 
upper and lower surfaces were exactly similar and in exactly the 
same condition. Then, in that case, the distribution overthe com¬ 
plete insulator when subjected to a direct-current voltage must 

plmW+r be V lform ’ bec . ause the leakage over the insulator will 
equalize the voltage over it and cause each unit to take up its 
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share of the voltage. It follows, therefore, that in this ease the 
string ratio is no criterion of the distribution of voltage over the 
suspension insulator, because if c is less than (a -4- b) the strive 
ratio will be less than unity, and therefore indicate a non-uniform 
distribution; whereas, as a matter of fact, no matter what the 
value of c may be. the distribution will be uniform. 

Let us examine the case of Fig. 2. As previously stated for Fig. 1, 
if c has a value sufficiently high, the string ratio of the insulator 
will be unity because the individual units will always flash around; 
and, also, if c has a value just equal to the fiash-around value of a 
single unit, the string ratio will be unity. But if c has a value less 
than the flash-over value of one unit so that the voltage will flash 
over the insulator by way of the path a x -f- c + c -f & 3 , instead of 
around the individual units, then the distribution over the insula¬ 
tor will not be uniform. Instead, each of the intermediate units 
will have impressed upon it the voltage c, while the upper and lower 
units will each have impressed upon it some voltage higher than c. 
This is due to the fact that in the case of the upper unit, for in¬ 
stance, the voltage upon it will be equal tooi, plus that propor¬ 
tion of c received by the surface b\. That is to say, the voltage 
impressed on the upper unit will be 


a i + 


b i 

bi T &2 


c 


and the voltage impressed on the lower unit will be 


The middle unit will have impressed upon it a voltage 

CL'Z C -f- ^2 ^ 

b\ + &2 &2 + &3 

which, (since the insulators are all similar, and therefore the a 
surfaces all identical and equivalent, and the b surfaces all 
identical and equivalent) reduces to the value of c, as previous!} 
stated. It is evident from this that if another unit be introduced 
into Fig. 2, making four units in all, and the impressed voltage 
raised accordingly, the voltage on each of the end units will be 
the same as before, and the two intermediate units will be sub¬ 
jected to the voltage c. It is evident also that any number of units 
thus introduced will lead to a similar result. That is to say, the 
two end units will each be subjected to a higher voltage than each 
of the intermediate units; and the voltages on each of the niter- 
mediate units will be uniformly the same. But on referring to 
equation (2) we see that as n is indefinitely increased, K ap- 
proaches the value 

R = —4yr- 
a + b 
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In other words, the value of R would continually change, ap¬ 
proaching more and more closely to the value ^ ^ ^ which, i! 

the units were closely spaced, would be a small value, perhaps as 
low as R = 0.5, indicating a very bad distribution. Whereas, 
as a matter of fact, the actual distribution would not change at 
all, and might not be anything like as bad as indicated by this 
ratio. As a matter of fact, as previously explained, with flic 
exception of the two end units, all the units of the system would 
each have impressed upon it the same voltage (the voltage cor¬ 
responding to the distance c), while the end units would have im¬ 
pressed upon them somewhat higher voltages. 

We have assumed so far that the flashing values of the upper 
and lower surfaces, a and b, of the insulator are nut widely 
different. 

Suppose, however, that the upper or a surface's of all the units 
were wet and the lower or b surfaces all dry, as might be the ease 
in a rain storm. Then, as will be apparent on following the firing 
out, unit No. 1 of the string will receive less voltage than each 
intermediate unit, and the last unit of the string will receive 
more. It would appear, therefore, that even in the ease of direct 
current one or both (depending on whether or not the upper 
surfaces are wet) of the end units will receive more voltage 
than will the intermediate units, if the spacing c is such as to 
have a flash-over value less than the flash-over value of a single 
unit. 

It would appear from the above considerations, therefore, that 
the string ratio may or may not be indicative of the distribution 
of voltage over a series of insulating units. If the spacing of the 
units is such that the flash-over value of the spacing distance c 
is equal to or greater than that of a single unit, the string ratio 
will be indicative of the voltage distribution over the string. 
But if the spacing of the units is such that the flash-over value 
of the spacing distance is less than that of a single unit, the 
string ratio will not be indicative of the voltage distribution 
over the string. 

Now let us consider the conditions with alternating current. 
With alternating current we are, in addition to the above con¬ 
siderations, concerned with the question of capaci ty.tlio 

capacity of the individual units, each within itself (which. I will 
refer to as the “ internal capacity ”) and the capaci ty of each 
unit to earth (which I will refer to as the “ external capacity 
So long as we consider direct current only, and we assume that 
there is leakage over the unit, the question of capacity does not 
enter, because the leakage will ultimately determine the distri¬ 
bution of voltage over the string. When, however, we come to 
alternating current we are concerned with leakage, internal 
capacity, and external capacity. Of these three elements, leak¬ 
age and internal capacity tend towards a uniform distribution, 
whereas external capacity tends toward a non-uniform distri- 
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bution. If the spacing of the units is such that the flash-over 
value of the spacing distance c is greater than that of a single 
unit, then the string ratio will be_a measure of the unequal dis¬ 
tribution of voltage due to the effect of external capacity. But 
if the spacing of the units is such that the flash-over value of the 
spacing distance c is less than that of a single unit, then the 
string ratio will be indicative of a distribution which is the result 
of the combined effect of external capacity and the end unit 
effect discussed above for direct current. 

That this is true will be apparent on examining some of the 
curves obtained on suspension insulators in which the number of 
units is plotted against the flash-over voltages. Not infrequently 
we have the following condition. With the units all dry, the curve 
is one having a bend in it, showing that added units are of less 
and less value. If, however, the insulator be subjected to a spray 
of water and another curve plotted, the curve will be practically 
a straight line. This straight line will not, however, if extended, 
pass through zero, but will cut the axis of voltage at a certain 
value. If now the spray be increased sufficiently and.another 
curve taken,this third curve will be a straight line passing through 
zero. The reason for this condition is that the spray under which 
the second curve is obtained introduces enough leakage to mask, 
and practically do away with, the effect of the external capacity, 
thus producing a practically uniform distribution over all but the 
end units. The fact that the second curve when extended cuts the 
voltage axis instead of passing through zero is evidence of the exist¬ 
ence of the end unit effect discussed above for direct cmrent. 
That is, it is evidence that the distribution of voltage is sub¬ 
stantially uniform over all of the units, except the end ones. 
When, however, the spray is further increased so that the flash- 
over value of each unit has been reduced so much that it is less 
than the flash-over value of the spacing distance between units, 
then the distribution is uniform over all the units, and the line 
passes through zero. Curves similar to those described above will 
be found in Fig. 2 of the paper* by Mr. Peek read before the 
Institute May 17, 1912. *. . . 

It would seem, therefore, that in considering the voltage distri¬ 
bution over a string of insulating units, the end unit condition pre¬ 
viously discussed with reference to direct current must be taken 
into consideration, especially if the insulating units are placed close 
together. It is even more important when one comes to consider 
an insulator with more than one petticoat, because in this case 
the two or more petticoats give a result very similar to that of 
insulating units very closely spaced. 

I believe, however, that the matter of string ratio and voltage 
distribution over the string is of a great deal less importance than 
that of the relation between the dry flash-over value and the 
puncture value of the unit. As previously stated, the problem 

* Electrical Characteristics of the Suspension Insulator, Transactions 
A. I. E. E., 1912, XXXI, Part I, page 911. 
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of insulating the line against the voltage of the line is a compara¬ 
tively easy one. The difficult part is to insulate the line against 
lightning. It is easy enough to put enough insulating units 
together to hold the voltage of the line. It is not so easy to get 
insulating units of such characteristics as will insure that there 
will always be a flash-over rather than a puncture. And while it 
is desirable to have as good voltage distribution as possible, I 
consider voltage distribution entirely secondary in importance to 
a high puncture value of the units relative to the dry flash-over 
value of the unit. In this connection it is well to remember that 
a good voltage distribution with commercial frequencies does not 
necessarily mean a good one with frequencies equivalent to light¬ 
ning, and that therefore the endeavor for a good voltage distri¬ 
bution at commercial frequencies is, beyond a certain point, a 
waste of time which might be much better devoted to the en¬ 
deavor to increase the ratio of puncture value to flash-over value 
of the individual units. 

Paul M. Lincoln: Some of the deductions made by Messrs. 
Imlay and Thomas from the facts presented in their paper are 
deductions with which I cannot agree. In the first place, they 
use throughout this whole discussion the term “ high-frequency 
tests/ 5 Now, they may be high-frequency tests or they may not 
be. There is not one iota of proof that the tests which they have 
described really do produce high frequency upon the insulator. 
The fact, if it is a fact, that high frequency exists on that insula¬ 
tor, is one that must be deduced entirely by inference. When a 
condenser discharges through a given circuit, if proper assump¬ 
tions are made, one may infer that the discharge is alternating 
and of high frequency. Whether it is high frequency and alterna¬ 
ting, or not, depends upon the amount of energy stored in the 
condenser as related to the rate at which this energy is dissipated 
once the discharge starts. It is my idea that if the discharge is 
alternating, the rate of decadence is so great that it is questionable 
whether the actual discharge is governed by the laws which 
govern alternating currents. When the rate of decadence is high, 
it requires only a relatively small number of alternations before 
the value of the voltage has dropped practically to zero. 

It is admitted, however, that the method of testing as described 
in this paper does produce an exceedingly sudden application of 
voltage to the insulator, and one that exists for a very brief length 
of time. I believe it is due to the fact that the voltage exists 
on the insulator for such a very brief period of time, that we find 
the unexpected results which have been described by the authors. 

There is one thing which has been omitted by the authors, 
and that is a minute description of just how the voltage is applied. 
The authors state that the u application ” exists for a period of 
one to two seconds, but there is no way of telling how many 
shocks the insulator receives during a single “ application/ 7 It 
may receive one shock every alternation, in which event there 
will be some 200 or 300 shocks per application, or it may be that 
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there is a shock only every tenth alternation, or some such matter, 
or it may be that there is a shock on the insulator a good many 
times per alternation. It would be interesting if we could have 
some data to settle this question. 

The authors have submitted some “ speculations,” as Mr. 
Thomas has called them, by which they attempt to explain the 
results of the tests. They assume that in an insulator the distri¬ 
bution of voltage across its parts is determined by the fact that 
there is a resistance in series with a capacity, and that the very 
high frequency to which the insulator is subjected during the 
tests gives an entirely different distribution of potential over the 
insulator from what takes place when a frequency of 60 cycles 
is used. I have my doubts as to whether an analysis will show 
much weight to this contention. Suppose we have an insulator 
to which we apply a voltage. The voltage is brought by metallic 
conductors up to the material of the insulator itself. (Fig. 3). 
This voltage appearing on the metallic parts of the insulator 
causes a current to flow. This current will flow, due to two causes, 
first, because there is a capacity present, and consequently there 
will be a capacity current flowing through the insulator, and 
second, because the insulator is not a perfect insulator, but is 
to a slight extent a resistance, and con¬ 
sequently the voltage which appears 
will cause current to flow through 
that resistance. It is apparent that 
these two paths are not in series, but 
in parallel, so that any deductions 
which the authors make on the basis Fig. 3 

that the paths are in series will not 

apply. It is perfectly true that the current which flows through 
the capacity has a 90-degree lead over that which flows 
through the resistance, but I do not see that that has any par¬ 
ticular bearing upon the case. 

The tables given in the fourth, fifth and sixth pages of the 
paper by Messrs. Imlay and Thomas indicate that these so-called 
high-frequency tests were made with a transformer voltage which 
ranged between 300,000 and 350,000. Furthermore, the test on 
insulator “ No. 1” indicated that the solid part of that insulator 
would break down at a voltage somewhere around 200,000. They 
could not obtain a breakdown on No. 2 insulator, since it flashed 
over under oil, before breaking down, but it is fair to suppose that 
the solid dielectric of insulator No. 2 would break down at some¬ 
where around 300,000 to 350,000 volts, because it is a well-known 
fact that the dielectric strength of a solid dielectric does not go 
up in proportion to its thickness, and a dielectric two inches thick 
will not stand twice the voltage of a dielectric one inch thick. If 
the No. 1 insulator would stand 200,000 volts, it is fair to sup¬ 
pose that the No. 2 would break down at 300,000 or 350,000. 

That is about the voltage actually in the transformer during 
the so-called “ high-frequency ” tests, and it is my opinion that 
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J"'. cl ^ innately, glass manufacturers in the United States have 
1 rt<^ ° F ealize adequately the availability of their product for 

* ^sion work. In the first place, for the new and unusual 

1 } f ^^quired they at first demanded prices that, if not prohibi- 

* P suggested an undue profit. Secondly, the manufactur- 

i a - bailed to consider sufficiently the electrical side of the 

' jn^f 1 an< ^ ^ ave not shown a progressive spirit in arranging 
\ \ c; tants and methods of test and experiment. Furthermore, 

* l j 1 _ 0xxcer n s as have developed improved methods of manuf ac- 
failed to publish the results of their improvements, so that 

* i ) engineers the merits and relative economy of glass as 

V 11 with other materials, have never been made apparent. 

% \ n reasons, chiefly, porcelain has achieved a position in 

^ -led which modern glass insulators are now in a position to 

Jnst as the problem of a high-tension insulator w r as 
% V V ari porcelain by the suspension insulator, so similar designs 
W '^i31 developed for glass, which are now gaining wide vogue. 

%% )(| r J De remembered that a porcelain pin insulator required for 

* ~ 1O0-volt transmission line could be built only of such size 

1 tox^raa as to cost the prohibitive amount of about $30, but 
i t oy combining a number of insulators by cementing to 

* 1 k fc £Lfc>le iron fittings and suspending the cable, high-tension insu- 
t 11 v<5 °f such capacity could be supplied at a cost of about five or six 
liars. Likewise for glass, the suspension insulator has also 
* %] eveloped for high-tension lines, and types now in use meet 
ro i.xclitions in a most satisfactory manner and often more ad- 
i I rtp-oously than porcelain. Instead of making the glass about 

iirxclies (76 mm.) thick as has been done with a pin type insu- 
t. > r 7 wTxere stresses are almost unavoidable, the same result can be 
tired with glass three-quarters of an inch (19 mm.) thick, 
is ’permits of perfect annealing and the development of a glass 
h px-actically the same strength as porcelain. In such disks 
rug;evfcions of the necessary shape can be molded so that the 
rierx t holding the various segments together will have a firm hold 
I afford an insulator of strength equal to a solid piece. Today 
:; ■;< * oomposite insulators of glass have been developed to a point 

♦ to samples of suspension insulators are supplied by glass 
s i ivxf acturers for comparative tests with those* of porcelain, ir- 
! u'etive of the voltage for which the line is to be used. For long- 
l mice telephone communication, comparative tests have been 

of glass insulators and those of other materials along 
r* illol lines and the practical results, as shown in more distinct 
i noia/tion, have coincided with the reports from the testing 
*4 irn/tory, while the power lines on the Pacific coast where glass 
; |,een used all return satisfactory reports. One objection to 
: ;k ixusnlators has been that they could only be used with wooden 
T?he more perfectly annealed glass insulators have been 
»«■{ -wriish iron pins dipped in pitch and stand up as well as the 
Another objection has been that internal stresses are 
f tied iri th- e piece, due to poor annealing. This has been elimi- 
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the only thing whirl] is observed 
a high-frequency ” test is simply 
where around 300,000 in 1450,000 
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breakdown in another way, that, is, by ionisation, bit: that method 
requires time. 11 does not act ins! an lane* ms! v, b mixut it m « nvurs 
by collision and is nceessanl y a /mugvv.vuv' act h*u, and i* requires 
a certain appreciable amount *.>f i ime for these is* »llisn ms, n * extend 
from one terminal to another. Therefore, if the vubane b; apnlied 
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to the insulator with extreme suddenness, it umv break (i.nvn by 
tltc rifle bullet, ” method before 1 lit* parallel air path luvaS'. 
down by ionization. 

I think the statement by the authors 1 hat dumm. the " high- 
frequency ” tests not more than 100,001) volts was applied'hi 
these insulators, as indicated by the air yap. fail:, for the saute 
reason. It requires time for the measuring air yap to break down, 
and even if the air-gap separation indicate:; onlv 100,000 volts, 
I do not believe it follows necessarily that there was a pressure 
of only 100,()0() volts present. It mav have been a mini, bielier 
voltage. 


Another point winch should be explained is the manner of 
determining the frequency of the attack upon these insulator:;. 
As 1 understand it, there is a condenser id r, Fig. 4) connected 
m series with an air gap, c b, and the opposite terminal of the air 
gap is attached to the insulator, the pin /’of which is attached to 
the other side of the condenser. It is my understanding that the 
million cycles per second which the authors have given as I lie 
approximate frequency of the voltage applications to the insula¬ 
tor, is that which will take place when the path is completed 
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through the insulator; that is, the frequency is that determined 
by the condenser d e discharging through the inductance of the 
circuit d c b a f e. It should be noted that the current cannot 
flow through this path until the breakdown actually occurs. 
Until that breakdown occurs the frequency is determined simply 
by static capacity of the insulator discharging into the condenser 
d'e through the path abed. In this case the frequency will be 
governed by this static capacity of the insulator and the induct¬ 
ance of the circuit abed. Since the static capacity of the insula¬ 
tor is exceedingly small compared to that of the condenser de, 
the theoretical frequency is largely increased. Consequently, 
instead of a million cycles per second, we may have a theoretical 
frequency of many times that, possibly a factor of one hundred 
to one thousand. " It is evident, therefore, that the duration of 
time of strain upon that insulator is exceedingly short, and, 
according to my conception, this does not give time for the air 
to ionize between terminals. 

I agree with the conclusion of the authors that their tests have 
opened an exceedingly interesting line of investigation, and one 
which certainly ought to be followed up. 

F. W. Peek, Jr.: The term “ line insulator ” is rather a mis¬ 
nomer. The real line insulation is the air in which the conductors 
are immersed. At present the “ line insulator ” is, at best, an 
electrically weak point which must be used for mechanically 
supporting the conductors. Fortunately, however, although 
the properties of the air cannot be changed, and a uniform 
gradient distribution not even approximated on the conductors 
in the air, the stresses can be very nearly balanced in the insulator 
by proper design or a proper understanding of the dielectric circuit. 
The development of the high-voltage insulator has been extremely 
rapid, and it was at first an overgrown telegraph insulator. When 
the voltage was doubled, the insulation thickness was doubled. 
By this method of design an insulator may be actually weakened 
by the addition of perfectly good porcelain. The configuration 
of the parts is generally of as great importance as the quality 
of material entering into the parts. In general, that insulator 
would be be§t in which, when under voltage, the gradients were 
in all parts, internal and external or surface, in proportion to the 
strength of the parts; that is, everywhere equal, in a one- 
material insulator. The greatest advance in high-voltage in¬ 
sulators was the suspension insulator invented by Hewlett. 

Energy is necessary to smash insulators and to destroy insula¬ 
tion. The reason for the suddenly magnified importance of 
phenomena once negligible is increased energy. The energy 
stored in the dielectric is 

« 2 C 


Thus stored energy increases as the square of the voltage. 
It is the transfer of this energy from one form to another, di- 
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electric to magnetic, that causes excessive voltage rises, etc. In¬ 
cidentally, this is a good argument against the inlermnnection 
on the high-voltage side of several parallel transmission lines from 
the same station, as such interconnect i<»n not only i rattsiers high- 
frequency insulator discharges from one line to i ..lit* others, hut 
also requires high-tension switching, whirl) is in it sell a source oi 
trouble. 

The subject of insulator design and testing is oi the utmost 
importance, as a single broken insulator may eat up the profits 
,of an investment by causing thousands of dollars' damage to 
other apparatus. 

In a paper presented on May 17, 1912, at Schenectady, on Klme¬ 
trical Characteristics of the Suspension Insulator, 1 made the bil¬ 
lowing statement:* “ Hence, it seems that the are-over (voltage*) 
would not always indicate the best insulators for all conditions 
of service. As, for instance, with surge, sudden imj»ulse, lightning, 
or transient voltages, a bad oj icrating distril rut ion w<add j >rolmbly 
mean not flash-over, but punctured porcelain, or the porcelain 


cy 1 




Pig, 5 


Pig. 0 


Pig, N 


would puncture before corona, could form to distribute the st ress 
better.” The object was to bring out the great importance in 
insulator design of well balanced or distributed st resses which t he 
flash-over tests at low frequencies do not; necessarily indicate. 
To illustrate the necessity of good balance, and as an explana 
tion of failures at high frequencies, let us take an extreme ease. 
Suppose an insulator is constructed as in Fig. 5* If voltage is 
gradually applied at low frequency the air on the surface breaks 
down as corona, becomes conducting and distributes the stress, 
or becomes, in effect, Fig. 7. Arc-over takes place before punc¬ 
ture. If, now, the whole is placed in oil or a drop of oil is placed 
at each point, the flux density is not distributed, as the air does 
not break down and even-up the high points, so to speak no 
conducting path is formed, and the stress is localized and punc¬ 
ture occurs. 

It takes a very short time, but an appreciable time, for air to 
become conducting, or for an arc to form. If the applied poten¬ 
tial and frequency are very high, or if high voltage is suddenly 


*Part I, page 926. 
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pSSe y S S aUow frequency where the arc-over is pre- 

Ve Let d us Lw^if this applies to the interesting data presented 
bv Messrs. Imlay and Thomas. At . t b e 

jXnt 9 SK - So 

325,000 volts, or possibly double this, ab mder ^ and 

above the puncture voltage, as sil °wn by < points 

if this voltage had been appbed fte^ atrng^^ ^ 

would have been gradually even P insulator was reduced 
rierT mftSfe ™ttlge S*»!y apphed the air does not be- 



Fig. 9 


;ome conducting to a great enough extent \ punctured, 

ime to relieve the insulators-hence the ca £ on) but at 

Complete puncture may not occur at t ^adually develop 

first only cracks or chips inthe porcelam which gadua^y ^ 

into puncture. occur. 

Lag for flash-over is reduced and wMch may 

There is still another eftect which I have notea ^ d between 
have a bearing. and the 

electrodes, and gradually in ’ as indicated by a voltmeter 
potential across the gap drop* ^ W( ^ rdSj thfi low .f req uency arc 
placed across the gap. I however at a frequency of 

“ resistance ” is practically “’"JS\ s gradually in- 

say 50,000 cycles from a genera , P. ^ does no t drop to zero, 
creased until arc-over occursh the is , the high- 
but may remain near the appl & * g , Mgh resistance) 0 r 
frequency arc seems m eff ® an i ns ^i a tor surface with- 

potential below the appEed value, 
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which may still remain above t la* vnhageat wli.itv!i puncture would 
occur at any frequency, as under oil where are-over is urv- 

vented. 

Tlie ellect of. the time lug uf corona means that a guod insulator 
under transient voltages must have a good balance. 'Hie suspen¬ 
sion insulator should have hie/li siring efficiency, as brought/out 
in my paper, previously referred in. This applied also a, the 
parts that makes up the pin type insulator. There must also he 
ample margin between the lowdYequenev flash-over voltage in 
air and the puncture voltage under oil. 

An interesting point is here* brought up in design, or sparine 
of disks. If potential is gradually applied across a string of sav 
five insulators (as usually spaced) and gradually increased, flash- 
over takes place first on the unit nearest the* line, then over the 
second, third, and so forth. As then* is a time lag for flash over 
at each insulator this means that a gradually increasing p<Sen! ial 
is suddenly applied on the units, just as in the Thomas imlav 
tests. When the last insulator is reached the full applied vubaee 
is for a short time before are over across, the insulator. This*is 
far above puncture voltages 1 have observed insulators panel tired 
in this way during are-over tests. Thus w»t h low frequency suns* 
the insulator nearest, the lower may punct ure. This shows the im ¬ 
portance of good string balance, or of having the design stub that 
all insulators will are over at the same* instant. Perfect balance 
is in the present design hardly possible, so, after designing for 
the best possible balance, the insulators should be so spaced that 
arc-over voltage from tine to tower is just below the are-over 
voltage around one unit. 

Refeiiing to Mr. JV1 ershou s remarks on string efficiency, we 
believed this to be a proper term*, as it is tin* ratio of the actual 
flash-over voltage to the maximum possible flash-over voltage* 

I he question brought up by Mr. Mershou in regard to the method 
of obtaining tlie string efficiency is answered in the paper (p, UI 1), 

I he question ol the comparative voltage values of a given spark 
gap at low and high frequencies is of great; interest . 

have made some leasts on spheres and needle gaps up to 
dU,0Q0 cycles sine wave. At this frequency both the sphere and 
needle types spark over a given gap at lower voltages t han at (»() 
cycles. The difference is not great, however, for spheres, where 
corona does not form before spark-over and. heat the air in the gap 
At very high frequencies or very suddenly applied potentials' 
where the time element enters, it is probable that higher 
voltages are required for a given gap, 

Mu Sothman in his paper has brought up many interesting 
questions. Regarding the question of test precautions, mot hod 
of voltage control, power required, etc., 1 would refer to what I 
have said m the paper previously cited. I should like to add that 
w hile the need l e gap has long been useful, we have about, oiit- 

* See Electrical Characteristics of the Suspension Insulator, in {‘art I of 
this volume of the Transactions, page OIL 
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Desirable Tests and Specifications. 

In closing my discussion I will summarize the test conditions 

be made to specifications. p i flpnerator wave 

Generators-— Voltage Control and Power. 1. Generator wav 

freetromhigh 

(never below half field) in combination with potentiom 
m 3 th °Power sufficient to allow a true dynamic arc to start before 

llerteto^ghlTitSSr ^careful' measurements the 

h T The sphere gap is recommended-always using a sphere 

S.To?ection^ 

“f ri Wate S rTube resistances should be placed in series with the 

ga & 5 « ShOUld ^ 
^redetermining flash-over tests, insulators must not be 

allowed to become overheated by arc. f rpaue ncv, and 

3 Temperature, barometric readings, frequency, 
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oil test may also be made to indicate the uniformity of the por¬ 
celain. 

3. Possibly electrical test while insulator is under mechanical 
strain. 

4. Resistance of rain water should be specifier 1 <>r standardized. 

J. A. Sandford, Jr.: I believe that then* is no one who has gone 

more carefully into comparative testing of suspension insulators 
from all points of view than Mr. Sothman, He realized at the 
time of taking up this work what most engineers have since 
acknowledged, that good comparative results can be obtained 
only when all tests are made with the same equipment; and with 
as few variables in the test conditions as possible. 

Turning to the observations made by Mr. Sothman and 
particularly to the remarks on the type of insulators using the 
so-called hook and loop connection as compared with the others, 
it is useless to dispute the fact that from the point of view of the 
electrical performance of the insulator this type does not show 
up as well under test as others, due to the discharge at t he point 
of the hook. It is well to bear in mind, however, that this type 
of connection is very largely in use, both with the two-piece and 
one-piece suspension units, and has given entire satisfaction in 
competition on the same lines with two other styles of unit. 
The simplicity of the connection will appeal to many engineers, 
no tools being required to connect or disconnect the units when 
making renewals. 

Referring to the subject of mechanical strength, 1 believe there 
is no difficulty at the present time in producing single-piece 
units of short spacing and reasonable design and cost, that will 
have an average ultimate strength of 12,000 to 13,000 lb. (about 
5500 to 5900 kg.), and this may be increased to 15,000 lb. (about 
6800 kg.) by a slight increase in spacing. 

Passing now to the summary of Mr. Sothman’s paper and the 
questions raised therein for our consideration, 1 believe, the 
author has come quite close to the reason why insulators fail on 
the line even after the most thorough test possible at the factory, 
when he says: “ For it is quite probable that precautions now 
taken in one direction are often unwarranted and uncalled for, 
whereas, on the other hand, liberal allowances ma.de in other 
directions may be of the greatest detriment to line and insulators.” 
This seems to be forcibly brought out by the findings of Messrs. 
Imlay and Thomas as given in their paper. 1 will discuss some 
of these points, taking up the various headings in the order given 
in the summary of Mr. Sothmanis paper. 

Design Tests . The specifying of very high flash-over tests, 
wet and dry, necessitates in suspension insulators either a few 
units having a high flash-over value and long spacing, or a greater 
number of smaller units with shorter spacing, each unit having 
a relatively low flash-over. The latter is a step in the right direc¬ 
tion, judging from the observations by Messrs. Imlay and 
Thomas, but up to the present it has not been carried far enough. 
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The ratio of puncture voltage of the unit to its flash-over value, 
and the ratio of flash-over of entire insulator to flash-over of 
single uni t, should be increased. In order to accomplish this the 
flash-over of single units, must be reduced. Incidentally the flash- 
over values of the entire string will be slightly lowered, but an 
insulator will have been produced that is better able to withstand 
the effects of high-frequency disturbances, while sufficient factor 
of safety will still be obtained to take care of the steady applica¬ 
tion of static forces impressed by normal line potential and fre¬ 


quency. . 

In pin type insulators we have to use large flaring parts m 
order to take care of the flash-over requirements. Judging from 
the tests of Messrs. Imlay and Thomas, the insulators could better 
stand the high-frequency disturbances if the diameters were 
reduced, thereby changing the capacity of the insulator, and thus, 
as in the case of the suspension insulator, giving a greater factor 
of safety against puncture. _ x _ . 

Method of Supporting Insulator under Test. For the com¬ 
paratively small number of tests necessary to- demonstrate the 
performance of various insulators and their suitability ror certain 
requirements, the best method is undoubtedly to support the m- 
sidators as nearly as possible in the manner m which they will be 
installed on the line; that is, with one end grounded. This 
method, however, necessitates a very large and expensive trans¬ 
former and inasmuch as the tests are comparative only, it is 
Zpinion that the tests can as well be made using a transformer 
whh middle grounded. The latter method is preferable for the 
routine tests^hat have to be conducted m the regular testing 
racks, on account of having to insulate for only half of the total 
voltaee There is also less trouble from static, etc. (This is 
important owing to the presence of righting circuits, watchman s 
clock circuits, sprinkler, water and gas systems. The compa y 
Shb which the writer is connected has recently installed 300- 

Sm“ne' Site msulltors undl test Other means than 

“fc should be 

nections of the transformer i na £ e id excitation, if this 

worked at all times with a ^ H( J that field control offers 

method of control is used. It h metho ds that have been 

fewer objections than any of.the both the exciter 

.proposed. It is convenient to be able to vary 
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and alternator fields, as very slow' and gradual changes may be 
made by using the alternator field control tor say 07 < »r 98 per cent 
of the desired range and then using the em ber field control for 
the balance. 

The determination of the voltage present at any time during 
test, is the most important element of the results obtained and is, 
unfortunately, very difficult to obtain aerurately unless careful 
laboratory methods are resorted to. 

Inasmuch as we cannot hope to duplicate exactly our line 
operating conditions, the tests resolve themselves, as i »cfoiv stated, 
into comparative ones. It is probable that errors may be found 
in any method of measurement that might, he introduced. 1 1 < we¬ 
aver, I believe that, given a transformer of goud design and suffi¬ 
cient capacity, grouruled at the middle point, and supplied with 
power from a single-plmse generator giving a sine wave at all 
loads, the generator having been designed in connection with the 
transformer wi ill full knowledge of the service to which the equip¬ 
ment is to be put, the most convenient', method of measurement 
of voltage is by the use of a voltmeter coil at the grounded neutral 
of the transformer, using tlu* ratio of transformation. If the 
equipment has sufficient; kilovolt-ampere capacit y and is properly 
designed, the error in using this method should be small, and in 
tests where all work is comparative, would be eliminated. This 
is certainly the ideal way for regular factory testing where an 
unskilled man is used to operate the testing equipment. The 
needle-point spark gap is subject to considerable error, and the 
resistance which should be? used with it. should theoretically 
vary with voltage at which tests are being made. I f is not practi¬ 
cally possible, however, to vary the resistance with the voltage. 
I tried water, but have come to the use of resistance rod:;. Fre¬ 
quent discharges of the gap ionize the air and distort t he results; 
also the method of operating the gap itself may introduce con¬ 
siderable error. 

With reference to the effect of frequency, the paper by Messrs. 
Imlay and Thomas brings out this point so strongly that I can 
add nothing further, I believe, however, that no appreciable 
difference in results will be obtained at any of tlu* normal fre¬ 
quencies; that is, 25 to 1 Mb cycles. 

Concerning distortion of wave form, the table herewith gives 
a comparison of results obtained by using first an old smooth core 
single-phase machine, and second a 200-kw., three phase, Y 
wound generator running single-phase to excite a 250 kws f 00- 
cycle, 2800/4600/400,000-volt transformer. 


Single-phase Generator. 

TJtr1 mho Geni'.r m tor. j 

Primary 

volts 

Secondary volts 
(spark gap) 

Transformer 

ratio 

Primary 

volts 

Secondary volts 
(spark gap) 

Transformer 

ratio 

458.0 

519.2 

572.7 

631.0 

80.5 lev. 
90.0 lev. 
99.0 kv. 
111.7 kv. 

175.7 
173.3 

172.8 
177.0 

467.3 

517.6 
575.0 

682.6 

85.8 kv. 
99.6 kv. 

107.6 kv. ! 

123.6 kv. 1 

183.6 

192.2 
186.95 

195.2 
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The designed ratio of transformation of this transform r r , 
173.9:1. The ratio as found under test before shipment va 
176:1. The only load on the transformer during the a bow *. •* 
was the spark gap. This goes to show how important a par: is 

played by the wave form in the final results. The wave e.rrn i 

the single-phase machine referred to, is as nearly a sine curve as 
can be produced. Note how closely the transformer kept to Its 
ratio. 

Wet Test. The best wet test to apply is the one which has the 
least number of variable elements connected with it. The great¬ 
est variable is the quality of the water itself. All others may be 
controlled with more or less accuracy. Figs. 10 and 11 reproduce 
a set of curves drawn from results of rain tests made on a numb 
of 10-in. (254 mm.) corrugated suspension units first at Lisbon, 
Ohio, and then at Pittsfield, Mass. The same spray nozzles and 
insulator units were used in both cases. Plenty ot power was at 
hand and the frequency was the same. Both generators had good 



Fm. 10 —Comparative Tests on Insulator No. 1113; Lisbon v* 

Pittsfield 


wave forms The specific resistance of the water at Lisbon was 
RRn that at Pittsfield was 7000. ‘Also note the effect ot throwing 
Sunto the spray It is my belief that condensed water should 
be specified, as it would not have such variable character ties. 
Water of this character may have a specific resistance ot 30,000 

fo„?d r “at e f VSiLtSIs^orted STn MsJe of 45 deg 

S the horizontal and supplied ui.hwater £,<£££ 

pressure if Placed about three It. ^ - s tQ determ ine the failure 
give very good ^sulte^As t is to use what the author 

of an msulatoi, I belie . \ S tvles of insulators to be com- 

has called a parallel test, pu o - ^ ec ti n g the one which 

pared under test **$**£&£& “"Sisfactorv, cuing 
atoe 5 any correet measure ot the various phenomena 
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to be observed. The formation of corona or luminosity is partic¬ 
ularly indefinite. ( < ■ 

The puncture test under oil as conducted in the past amounts 
to little, and will continue to be of little value until the method 
of applying it has been standardized. The time element plays 
a most important part as the voltage is raised. A choice of two 
methods of handling the time and voltage elements may be 
suggested: 

First—Gradual and steady increase of voltage until puncture 
occurs. 

Second—Voltage increased by stated amounts at stated 
intervals, noting when puncture occurs. 

Further, a certain requirement should be set forth in a set of 
specifications to cover this item, based upon a certain per cent 
of line voltage. In every case the potential should be applied 
using as nearly as possible the same style of fittings as are to be 
used on the insulator in service. At least ten samples should be 
tested to give a fair average. 
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Fig. 11 —Comparative Tests on Insulator No. 1113 

The usual methods of applying mechanical tests to pin type 
insulators might more properly be called pin tests, as I know of 
no insulator pin made that will stand nearly the amount that is 
required to break the insulator with load applied at the tie wire 
groove and perpendicular to the axis of the insulator. The test 
value to be specified depends largely on how T great a factor of 
safety the purchaser is willing to pay for. 

All the above has to do with the selection of a proper type or 
size of insulator for a specified set of conditions. 

The inspection of the porcelain parts of insulators for physical 
defects and the agreement between the purchaser and manu¬ 
facturer as to what constitutes sufficient cause for rejection is 
often the most difficult problem of all. Mr. Sothman has hinted 
at this, and I believe many others have had a like experience. 
Personally, I believe that insulators showing cracks, blisters, 
large amounts of sagger deposit, pieces that show plainly that 
they are either over- or under-fired, or having crazed glaze, 
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should be rejected. On the other hand, insulators si ■ 
coloration—if not due to over- or under-firing—slit;!:; w.r* 
or slight unevenness caused by small pieces being h:y • 1 r * . 

the ware before glazing, should*be accepted. Howevon r ■ oter 
what lines are drawn, it will finally boil down to the holconsn: cb 

the inspector, who can easily work a hardship on both the rur. 

chaser and manufacturer. 

The company with which the writer is connected h:n bv\* 
up standard specifications for routine tests, which are used in all 
cases where specifications are not supplied by the purchn? 
Voltages used of course depend on the insulator in question. The 
periods of time of test, so far as suspension units are concerned, 
we have fixed, as the variation in size of different insula:■ w is n ^ 
great; therefore the expense of testing is nearly the same f >r all 
styles we make. With reference to pin type, however, bo she? 
vary greatly, requiring voltages varying from 45,000 to ISO,000 
volts. The smaller insulators, particularly below 22,000 volts, 
do not need to be tested so long as the larger sizes, as each j t no- 
lain part in the smaller insulator is often as thick as in tite ^arcei. 
and the voltage per part very much less. Furthermore^ a long 
time test on a very small insulator makes the cost ot testing out 
of proportion to the price of the insulator. ^ . 

The specifications which we have adopted are tne resiut^ot oui 
experience in testing porcelain insulators, combined with what we 
find is being asked for in specifications issued by different engi¬ 
neers They are not as voluminous nor as exacting as some, nor 
as short and indefinite as others. We feel, however, that they 
are so drawn as to insure the purchaser against receiving detec¬ 
tive material, without imposing undue hardships on the manu- 


In regard to two-piece insulators, I believe that the specifica¬ 
tions may properly contain a statement as to the kind of cement 
to be used and if Portland is specified, a statement as to the time 
Of setting As to the method of cementing, I believe thus should 
be left entirely to the manufacturer, as it is right to at 

if the manufacturer is following up his methods close > uith^a 
view to turning out the best possible product m the 
nomical manner, and at the same time ^ . 


II me xuaiiui-cLv- uuj.U/X xo , t pen- 

view to turning out the best possible product m the 
nomical manner, and at the same time s }, 0 w t j le 

made he is in better position than the purchaser t o - ■ i . 

details of the work shall be carried out. This applies to ufl other 
parts of the work as well as the cementing, and will be found tu 

or suspension type, jM* be 

tested after having been assembled and the cement .; u 

set to allow of safe handling. nart oin tvpe insulators, 

this rule in the case of the very thtestbheibo flash-over 

as it is sometimes found advantageous to test tite^u._n ^ ^ 

when they come from the kilns, parts at" once Water 

pans without cement, thus testi ^ p j the caS€ 0 f these 

is placed between the parts for this test. 
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small insula,tors it is thou sate to cement the pans u >geii io and 
pack the ex miplefe insulators wit lion t iurt.lior testing. 

The paper by Messrs. I inlay and Thomas at once suggests that 
it may be desirable to introduce some sort ol higlidtvqueiiey test 
into the list of tests to be applied in order b> mala* a seleclion of 
the proper insulator for a, given set, ol eondit inn.,. 1 h»\ve\ ei, I do 
not believe there are sufficient data at band,m present, to allow 
us to say just what this test should be or Imw ii sluadd 1 >e applied. 
Further, I doubt the advisability of using t he same apparatus for 
this test as is used for the eommereial routine tests at the 
insulator factory. 

Since it is coming to be generally acknowledged t Mat the j >aral lei 
test is the only good way to determine what is t he most, suit a,1 ik* 
insulator to meet a set oi specified conditions, it seems to me that 
there should be available some place where such worn o add be 
done, using the same equipment and conditions ol lost at all tames. 
At present non-in terested companies that are 4‘quipped, so bar as 
apparatus is concerned, to make such tests, do not like in go to 
this trouble to set aside a space and rig up for the various tests, 
as such work does not pay them, and not having arrangements 

especially for it, there is more nr less danger oi injuring the appa. 

rains. 

If arrangements could be made wit li some laboratory or factory 
having the equipment and not, directly interested in the sale or 
purchase of the insula,tors, in accordance with which this ap¬ 
paratus in a suitably equipped room could be available at all 
times, I believe that with proper use of such advantages there 
would be fewer mistakes made in insulating; our transmission 
lines, and incidentally the owner ot the equipment could derive 
considerable revenue from the making of comparative tests pre¬ 
liminary to the purchase of insulators for a transmission line, 
and from the use of such equipment for experimental and re¬ 
search work at very high voltages not at present possible except 
for experimenters connected with our large manufacturing com¬ 
panies. 

We will be glad to give anyone copies of flu* specifications used 
by the company with which the writer is connected, or in any 
way to help in a movement for the standardizing of the specifica¬ 
tions and the methods of tests on high-tension insulators. 

A. O. Austin; There are a number of important points brought, 
up in the papers by Mr. Soffit nan and Messrs. .1 inlay and Thomas, 
which deserve careful consideration, but the sec>pe of these papers 
is such that it will be possible to discuss them only in a, general 
way. I hope, however, that a few words in regard to the methods 
of testing and their discrepancies may be of interest, for 1 find 
that tests are only too often misinterpreted. 

The character of the testing apparatus has been given very 
careful consideration, so that in testing at flash-over, severe surges 
would be thrown upon the insulator in order to mala* the wees ling- 
out process as effective as possible. This practise has been fol- 
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lowed for a long time on pin type insulators and earrn : a 

farther in the case of suspension insulators. By providi: „ :h 
proper regulation of testing apparatus, the picking up :a v, r 
arc is prevented when insulators flash-over under test. 

For over four years, suspension insulators have beer: civet: 
routine tests under conditions similar to those outlit: : r t; 
paper by Messrs. Imlay and Thomas. The insulators an ,:iv n 
this routine test one at a time under conditions much more s . ivrc 
than those at normal frequency and flash-over. This v.vi is 
very much more severe than a long time test, and more nearly 
approaches high-frequency conditions under which the insuUt*. r 
must operate. 

In general, too much attention is given the wet flash-over values 
obtained on insulators, and not enough attention paid to surface 
stress and dielectric strength to meet line conditions.^ 

Several years ago the fad of designing insulators for high wet 
flash-over was responsible for many poor designs. While many of 
these gave fairlv good results when mounted upon wooden pins, 
trouble was sure to follow when they were mounted on metal 
pins under severe conditions. In at least one instance ^ aese 
commercial designs were discontinued and the dielectric factor 
of safety increased in the other types. There will alwa> s oe a 
considerable variation in tests under rain conditions made ^ b\ 
different persons, but as the dry tests arg very much more im¬ 
portant this should give but little trouble. 4 

Dry tests on the better types of insulators may be cheeked very 
closely on widely varying types of apparatus. It is ot course 
recognized that insulators which have high surface stress or 
charging current, such as low-voltage bushings and the poorer 
types of insulators, will be greatly affected by ^ 

waveform. This class of material, however, is rapidly becom- 

m| The 1 design of an insulator is necessarily a compromise of the 
elements producing dielectric strength 

ing capacity, and mechanical strength, andJfmkmntrelatik 
conditions on different lines may call for vt Vf v ^ ‘ v up « en . 
proportions of these elements, it is very 1 , , t UP( j er 

eral specifications. Lines operating at the san ' T.- ^ unf jjed 

different conditions may ^ire a Jff 

per cent in the factor of safety of one ot tl numerical 

to produce the same degree of rehabrhy. The rehtm. 
values involved are all-important, and the dLS1 ^ ° , l y £or 
tors may be radically different m appear^b 

meet the severe conditions of thehigh-fr-equen Ysurge~ 
involved the use of ^ screen shown m the 

Imlay and Thomas. These y^MiS a redistribution of stress 
tage of multipart construction, en g , - h cement 

between the outer and inner surface, by making use 
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zone. The relative diameter of the several parts was given very 
careful consideration, also the striking distance between con¬ 
ductor and pin. 

Some experiments were performed several yeais ago wtiicn 
show that there is a redistribution of stress in insulators through 
an air discharge, which is not visible to the eye. A discussion of 
this point would be too lengthy, but would throw considerable 
light on some of the tests performed by Messrs. Imlay and 

Thomas. . 1 u 

I may add that the performance of these insulators has been 
more than gratifying and furnishes strong proof that the tests 
performed by Messrs. Imlay and Thomas imposed conditions 
similar to those found on the line. ^ 

In a rather wide experience in investigating operating condi¬ 
tions, I have found that the information as regards insulator 
failure is only too often very misleading. An investigation 
usually shows that much valuable evidence which cannot be re¬ 
placed has been lost or destroyed. 

It may be interesting to know that type E insulator tested by 
Mr. Sothman was the only insulator in the series which provided 
a thickness of material purposely to provide dielectric strength 
for high-frequency line surges. Operation showed that under the 
most severe conditions a still further increase in this regard was 
warranted. The insulator was further improved in this regard 
and this has been the only marked improvement in the suspension 
insulator since the tests made by Mr. Sothman. 

Before writing up a set of specifications to be used for inspec¬ 
tion it is of the utmost importance for the engineer to investi¬ 
gate as far as possible, so that his inspection will produce an 
increase in reliability in the product. 

Good appearance should be maintained, but there are other 
essentials not apparent on the face of the insulator which are 
very much more important for reliability in line operation. 

The methods in process of manufacture should be such as to 
produce the greatest degree of reliability. 

In general the insulators of foreign manufacture are superior 
to ours in appearance, but very inferior as regards reliability. 
Certain processes are used which have a very bad effect upon the 
insulator; the dielectric strength is sacrificed for appearances, 
and it has been found that serious cracking occurs after a short 
period of installation. This, of course, has been particularly 
noticeable where the multipart insulators were made up, and was 
pointed out by Mr. Sothman. 

The designs in use in this country are very much ahead of those 
of foreign manufacture when it comes to line conditions. Most 
of the large pin type lines in use in foreign countries are being 
supplied by American manufacturers. 

There is much to be said in regard to static puncture, for an 
investigation carried on in 1904 showed conclusively that a 
static puncture could be in the nature of a partial breakdown. 
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This was effected by a low voltage for mechanical stress, : 
resulting failure was of a physical nature. 

F. M. Farmer: These papers are_valuable- eomribut: : 
a phase of electrical engineering activity which has been 
much neglected in the deliberations of the Institute. X .•' 
matters pertaining to the transmission of electrical cu.-r.;* 
a conspicuous part of the transactions of the Institute, ; met 
nothing will be found about the testing ot high-tension msui 
despite the importance which all engineers attach to tne t 
inspection and testing of insulators to be used tor transit; 
line purposes. Contributions to this neglected subject are. 
fore very welcome, and those of us who are especially com 
with tlie'testing side of engineering work will be particman 
to see attention drawn to the need tor improvements m, a; 
standardizing of, testing methods. 


;andardizing oi, testing . 

The standardization of methods of testing not ....... ■- - 

but all classes of insulating matenals, is very urgen.o, neec- .. 

It is probably safe to say that no two testing engineer*, ■ ; ■ 

representing manufacturers, consulting engineers, c. - ...... 

laboratories will have the sameideasastojusthowahigh-iemmn 

test should be carried out, although it is well known then sun 1 ■ 

SetholfS testing otto materials ^ “TphJS 

and electrical tests ot tne. although thev are the most 

nothing has been done on insulators, aitnou e n me. 

important element in the transmission^^ , g impor _ 

While the standardization of t 6 ^ 1 ? 0 tionw jth insulators 

tant, the definition of the _erms us fferent manu facturers and 
should receive first ? tten t^? : d specifications, different 

engineers use, m their cata \?^® - b the same phenomenon m 
terms for the same thing and ^ b a ® t fof a plntvpe insulator 
different ways For of a complete 

are called shells and petticoats, the comp.^ and parts; and 

suspension insulator are ca . i ns ’ u lator unit are called cor- 

the corrugations on a ® usp ., w hat is static arcing and what m 

rugations and petticoats. A > the poten tial at which the 
a power arc? Is flash-ore a tbmous static arcing, or 

first intermittent statlc T ^ 1 J?’ e St ion is offered that the atten- 
power arcing, occurb - m ittee be drawn to the desirabiln> 

tion of the Standards officiallv defined, 

of having some of these thing ' it see ms to me that it 

Referring to Mr. Sothmans p ^ data pertaining 

would have been adv^b e ^ ^ wh i c h may be affected ly 

strictly to types fl p t v e o1 methods of manufacture. For ms, an, 
variations m quality or i 
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while it is true that the ultimate dielectric strength, the tensile 
strength, and the number of punctures which occurred during the 
tests Twill be affected bv the design, it is also true that the quality 
of the material and the methods of manufacturing may affect 
ihe results to a greater extent, so that a poorer design cf superior 
manufacture might show up mere favorably than a. better design 
of inferior manufacture. Therefore, when comparing the results 
of an investigation made for the purpose of selecting a type, this 
should be carefully borne in mind. Of course, the ideal methods of 
making such comparison would be to have various designs made 
by the same manufacturer and then the results would be affected 
in a similar manner by the inherent variations in clay composition, 
firing, cooling, etc. 

Xo figures are given in the various tables showing the numbei 
of insulators or insulator sections tested. This information 
would be valuable in connection with those tests which involve 
variations in the individual specimens of the same design and 
manufacture, such as dielectric strength, tensile strength, punc¬ 
tures during the various tests, etc. These data should be taken 
on a considerable number of specimens before definite conclusions 
can be drawn. 

Mr. Sc-thman refers to factory inspection of insulators and. his 
statements emphasize the importance of careful and. conscien¬ 
tious work at this stage. Porcelain insulators are inherently 
a variable product and the only method of determining whether 
an insulator is a good one or a peer one is by inspection and test 
of each and every one. A large factor in the success of an opera¬ 
ting company is continuity of service, and this depends very large¬ 
ly upon the line insulators. It is apparent, therefore, that the 
inspection and te sting cannot be too carefully or thoroughly done, 
and that the inspectors should be experienced men competent 
not only to make the electrical test but to judge accurately the 
quality cf porcelain. With the present methods of manufacture, 
the quality of porcelain will vary from day to day and even in 
the same kiln, for it is extremely difficult to “ fire ” porcelain 
just right—it may be “ over-fired ’ 7 or it may be “ under-fired 
Insulators that are not properly fired are inferior, but the high- 
voltage test cannot always be relied upon to weed them out. The 
operating company cannot afford to take any chances, no matter 
how small they may appear to be, therefore the inspector should 
be competent to detect such insulators and reject them without 
test. It is also desirable that the inspector have some experience 
in miscellaneous high-voltage testing of all classes of materials 
and apparatus in order that he may intelligently interpret the 
performance of insulators during the routine factory test. 

Referring to the points which Mr. Sothnian suggests should be 
given consideration in the future discussions, the writer would 
propose that the item referring to generator and transformer 
capacity include the amount of resistance and inductance in the 
high-tension circuit of the testing transformer. It is customary 
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to use an impedance of some kind in this circuit to pr ueet me 
transformer and obviously it may be sufficient to decro:.?c 
power available at the specimen under test and thus have an 
effect upon the results. 

Referring to specifications for wet tests, it is suggested hat 
the minimum period of precipitation before the voltage is apt. k I 

be stated. . . . . 

Routine tests and inspections on the product as it is oeing 
manufactured may be divided into two classes. One ^class 
eludes the preliminary inspection, the preliminary electrical test, 
the final inspection and test after assembling and the mechanical 
tests. These tests and inspections are made on each insulator 
and insulator part. The second class includes those ze^iS wuyu 
would only be made at occasional intervals to check up the quautv 
of the product and insure that the standard originally esta, visaed 
is being maintained, as for example, the dei.enmnaaiki. me 
dielectric strength under oil, the effect ot immersion in tyann -• ». 
a considerable period, the effect of application ox potential tor a 

long period, and ultimate tensile strength tests, .. . 

Referring to the manner of making the routine electrical 
at the factory, the writer feels that such tests should oe mace 
severe as polsible, consistent with reasonable cost and faxnies* 
to the manufacturer. The operating company is yV depmden 
uoon the insulators on its transmission line m reducing mterrui- 
tions of service to a minimum. While it cannot eliminate all 
i p<! „f interruption, it is justified in taking.precautions at 
every sta°e in the construction of the line to eliminate sources ot 
possible failure. Therefore, the inspection and test at the factory 

on the manufacturer may mean a higher cost, ^f nd t he impor- 

great investment m modern tr V CT S P ad d i t i 0 nal cost in the insula- 
lance of continuity of service a shghtadchona ^ 

tor item would seem to be .egij® is more severe than 

and Thomas in their paper. • f different materials 

Ralph W. Pope: The relame Zye been a fruitful topic of 
and different forms of insulatorss h ° telegraph line, 

controversy since the cons ruction o^ tne n ^ , t) 

Fluted porcelain insulators (then hnoj^ Albany , X. Y. and 
used on the House, tele,, Thev we re superseded by glass, 

Springfield, Mass., m the - . epbone service is. concerned, 

which, so far as telegrapl . , , fittest." After reading 

has appeared to be a glass for hi eh-tension work had 

these two papers, it appeared that glass 




2196 


HIGH-TENSION INSULATORS 


[Dec. 13 


been overlooked, as no tests of that material are included. In 
seeking for information upon the subject, I learned that glass 
insulators, although extensively used on the Pacific coast of the 
United States, have not always received the consideration which 
their merits deserve. 

Glass was the first material to be used for insulators on trans¬ 
mission lines in the United States, and it has shared with porce¬ 
lain this application. In France glass is extensively used for 
transmission lines, we understand, up to 100,000 volts, while in 
Italy many power lines are similarly equipped. There are 5,000- 
000 glass insulators giving good satisfaction over high-tension 
lines today in the United States. The question is one both of 
material and of construction. Fundamentally, glass is superior 
because, being of homogeneous character and a single material, 
the entire body of the glass acts uniformly as the insulating 
medium, whereas in porcelain the glaze appears to be the main 
factor of insulation resistance and differs in composition from the 
body of the substance, which is far inferior to glass in this re¬ 
spect. Now, when it is recalled that this glaze may be but a 
thousandth of an inch or so in thickness, it is obvious that any 
imperfections or unevenness in its texture are sure to be fraught 
with danger. This is further emphasized by recent improve¬ 
ments in glass manufacture which result today in a material, un¬ 
iform in character, of greater strength and specific gravity, where 
increased mechanical efficiency and strength are combined with 
the desired insulating properties. This improvement has fol¬ 
lowed technical developments in glass-making just as in steel and 
other industries, and is due primarily to a better understanding 
of the chemical and physical questions involved. In the first 
place, the raw material is now rigidly controlled by test and 
analysis and the substances entering into the batch are selected 
with due regard to the resulting product. For example, the 
elimination of all iron is considered of prime importance, and 
in the best factories, magnetic separators are used to remove 
such impurities from the raw material. Then again, the pro¬ 
portioning of the materials can now be done with great accuracy 
and by mechanical weighing and mixing, the composition can 
be controlled within narrow limits, so that the product is not 
only uniform and homogeneous, but conforms closely to the 
desired specifications. In this respect modern glass, as used in 
insulators, shows great strides over the product of fifteen years 
ago, which was too often uneven in composition and texture. 
Today not only are the materials carefully selected, weighed and 
mixed, but they are melted in large open-hearth Siemens tanks 
where the molten material, being in motion, is kept from separa¬ 
ting into layers of varying density, which, in former days, too 
often produced not only uneven, but cordv or stringy glass that 
failed to give the best results either electrically or mechanically. 
Modern methods of manufacture have done away with this, and 
at least one large and well known glass factory has had no^cordy 
glass for ten years. 



1912] 


DISCUSSION AT NEW YORK 


Unfortunately, glass manufacturers in the United States have 
failed to realize adequately the availability of their producer 
high-tension work. In the first place, for the new and unusual 
shapes required they at first demanded prices that, if not prohibi¬ 
tive, plainly suggested an undue profit. Secondly, the manufactur¬ 
ers have failed to consider sufficiently the electrical side of The 
problem and have not shown a progressive spirit in a it a n °' * n cr 
testing plants and methods of test and experiment. Furthermore", 
such concerns as have developed improved methods of manufac¬ 
ture have failed to publish the results of their improvements, so that 
to many engineers the merits and relative economy of glass as 
compared with other materials, have never been made apparent. 
For these reasons, chiefly, porcelain has achieved a position in 
this field which modern glass insulators are now in a position to 
dispute. Just as the problem of a high-tension insulator was 
solved in porcelain by the suspension insulator, so similar designs 
have been developed for glass, which are now gaining wide vogue. 
It will be remembered that a porcelain pin insulator required for 
a 100,000-volt transmission line could be built only of such size 
and form as to cost the prohibitive amount of about $30, but 
that by combining a number of insulators by cementing to 
malleable iron fittings and suspending the cable, high-tension insu¬ 
lators of such capacity could be supplied at a cost of about five or six 
dollars. Likewise for glass, the suspension insulator has also 
been developed for high-tension lines, and types now in use meet 
all conditions in a most satisfactory manner and often more ad¬ 
vantageously than porcelain. Instead of making the glass about 
three inches (76 mm.) thick as has been done with a pin type insu¬ 
lator, where stresses are almost unavoidable, the same result can be 
secured with glass three-quarters of an inch (19 mm.) thick. 
This permits of perfect annealing and the development of a glass 
with practically the same strength as porcelain. In such disks 
corrugations of the necessary shape can be molded so that the 
cement holding the various segments together will have a firm hold 
and afford an insulator of strength equal to a solid piece. Today 
these composite insulators of glass have been developed to a point 
where samples of suspension insulators are supplied by glass 
manufacturers for comparative tests with those of porcelain, ir¬ 
respective of the voltage for which the line is to be used. For long¬ 
distance telephone communication, comparative tests have been 
made of glass insulators and those of other materials. along 
parallel lines and the practical results, as shown in more distinct 
enunciation, have coincided w r ith the reports from the testing 
laboratory, while the power lines on the Pacific coast where glass 
has been used all return satisfactory reports. One objection to 
glass insulators has been that they could only be used with wooden 
pins. The more perfectly annealed glass insulators have been 
used with iron pins dipped in pitch and stand up as well as the 
porcelain. Another objection has been that internal stresses are 
caused in the piece, due to poor annealing. This has been elimi- 
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nated by flash-over tests of say five minutes and by the more 
perfect methods of annealing. 

But, for the present consideration, we can take up in some de¬ 
tail a test of some glass suspension insulators which shows their 
present condition and possibilities. These were, ten units of 
glass, all of the same size and style, sent to the testing laboratory 
without previous tests or inspection. These samples were ten 
in. (254 mm.) in diameter, fitted with malleable caps and eyebolts. 
The record of the tests given herewith is a factory laboratory 
test designed to show the general run of manufacture so that the 
samples showing defects of manufacture w T ould not figure in 
engineers 5 or contract tests. These tests follow the standard 
methods usual with high-tension insulators and imitated as 
nearly as practicable the conditions of service. 

A test of ten insulators follows. The test speaks for itself. 



Flash-Over Voltage, Dry 



Voltage at first 

Voltage at continuous 

Specimen number 

intermittent flash-over 

flash-over 

1 

76,600 

83,650 

2 

78,600 

84,650 

3 

78,600 

83,650 

4 

79,650 

86,700 

5 

75,600 

83,650 

6 

Punctured through head at 60,500 volts 

7 

78,600 

88,700 

8 

Punctured at bottom of cap at 76,600 volts 

9 

78,600 

88.700 

10 

Punctured through head at 78,600 volts 

Test at Continuous Flash-over for Five Minutes 

Specimen number 

Voltage applied 

Remarks 

9 

88,700 

Heated slightly. 

7 

88,700 

" '* 

5 

86,700 

Punctured through head after 



4 min. 45 sec. Considerable 



heating noted. 

4 

86,700 

Heated slightly. 

3 

86,700 

Punctured through head after 


1 min. 5 sec. 


Flash-over Voltage Under Spray of 0.2 in. (5 mm.) per Minute (Approximate) 


i Specimen number 

1 

; 2 

1: 4 

| 7 

: 

Voltage at first 
intermittent flash-over 

46.350 

43.350 

45.350 

45.350 

44.350 

Voltage at continuous 
flash-over 

50.400 

48.400 

49,450 

49,450 

48,400 

It * Maximum Dielectric Strength—Punctured Under Oil 

Specimen number 


Volts at puncture 

' i 


184,650 

: 2 


110,900 

, 4. 


114.900 

| : 7 


88,700 

9 

|* ' 


114.900 
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E. E. F. Creighton: The importance of the study of line 
insulators is obvious to the engineer of electrical transmissions. 
The paper of Mr. Sothman is of a different nature from the one 
by Messrs. Imlay and Thomas. They are both valuable con¬ 
tributions to a subject to which more attention is needed and 
has been needed for some time past. 

Instead of commenting directly on these papers it is the inten¬ 
tion of the writer to look at the subject from still another view 
point, in an endeavor to explain the theory of the phenomena. _ A 
correct explanation and analysis is needed to aid in the solution 
of the problem of insulator design. Much of the following 
analysis is, however, of the nature of hypothesis based on obser¬ 
vations of experiments extending over a period of several years. 

Measurement of High-Frequency Potentials. Because of its 
prominence, and furthermore, because of the great ignorance 
concerning the factors entering into the designs and tests of high- 
tension line insulators, it is, probably, the most important ele¬ 
ment today in the successful transmission of power. The 
knowrn factors wdiich cause a line insulator to fail are diversified. 
They range through successive steps from choice of material, to 
the nature of the applied strains. There are, probably, factors 
to which we have not given name or even recognition. Further¬ 
more, we have a number of fixed ideas, taken from standardized 
practise, which have led us somewthat astray. The most impor¬ 
tant of these false ideas is that a spark gap necessarily represents 
the voltage given in the Institute rules. Spark gaps have been 
checked many times since Dr. Steinmetz made the original 
curves and have been often used at generator frequency. No 
one, so far as the writer knows, has made a systematic study 
of the relation of gap length to voltage, at high frequencies. 
There is a difference. In general, one can say that the higher the 
frequency the lower the potential that is necessary to produce 
a spark across any definite spark gap. There is, possibly, an 
upper limit of frequency above which the reverse law holds: 
that is to say, with any further increase in frequency the poten¬ 
tial to produce a spark across any definite gap may actually^be 
on the increase. The foregoing conclusion is based on reasoning 
from the standpoint of dielectric spark-lag. There can be no 
question as to the reality of spark-lag. It has been measured 
indirectly 1 . Under particular conditions the writer has been 
able to so magnify it as to measure it with an oscillograph and 
even with a stop watch, 2 

A possible explanation of how the potential to cause a spark is 
increased, as the time of alternation of the high-frequency oscilla¬ 
tions becomes less than the time of the dielectric spark-lag, 
follows. 

As an hypothesis, it is assumed th at if, in a given brief time, 

1. Disruptive Strength with Transient Voltages. J. L. R. Hayden and 
C. P. Steinmetz, Transactions A. I. E. E., 1910, XXIX, II, p. 1125. 

2. See Discussion, Transactions A. I. E. E., 1910, XXIX, II, p. 1214. 
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ionization has taken place over only a limited zone around an 
electrode, this ionization may be more or less destroyed by each 
reversal of potential. With less total ionization between two 
electrodes it may require an increased potential to prod nee a 

discharge. ... 

It seems probable that local deionization around a, spark 
accounts for the fact that successive sparks in air between elec¬ 
trodes or around an insulator choose new paths, haeh high- 
frequcncy spark lias an opportunity to cool below the con¬ 
ducting temperature, before the next one appears. _ The spark 
relieves the potential strains in its immediate neighborhood. 
The successive spark naturally follows a path that is left tart¬ 
ly ionized by the previous application ol potential. 1 his is 
some new path. 

Some Problems Relating to Standardization. To the experi¬ 
menter, the very natural question arises in the course ol historic 
—what constitutes a. discharge its a basis ol measurement? In 
the development of lightning arresters in one protective appara¬ 
tus laboratory the engineers have found it expedient to measure 
the current and potential of discharges ranging; gra.dua.lly from 
a few billionths of an ampere up to ^thousand amperes. 

The discharge of lowest current is the invisible conduction 
with which we have been made familiar by the writings and work 
of J. J. Thomson and otilers. This ionization can not be ignored, 
while' we are in search of a stable foundation for measurement. 
Under certain conditions this ionization, which is b >r et m veuience, 
in testing lightning arresters, termed “ cold ” ionization, may 
affect the spark potential for seconds or even minutes after it 
has been produced. 

As the current is further increased there appears at the elec¬ 
trodes the faintest blue brush discharge, sometimes called the 
“ silent discharge.” This blue brush discharge grows into a 
dense blue discharge and becomes noisy. As the current is 
still further increased there appear little white threads of light 
in the denser parts of the brush discharge. In the next stage the 
blue discharge has disappeared and there is nothing seen but the 
whitish spark. The spark is apparently more highly conducting 
than the brush discharge. Further increases in current increase 
the brilliancy of the spark. In the next stage a crater is formed 
in an electrode which furnishes arc vapor. As t he current den¬ 
sity increases the resistance of the arc decreases. 

During these different stages of discharge the potential across 
the electrodes has risen and fallen irregularly— sometimes grad¬ 
ually and in a few points abruptly. 

What potential of discharge is to be used as a basis of measure¬ 
ment? I see no answer at present. 

At normal frequencies the potential that will cause a short- 
circuit arc is the one chosen. Everyone* who has tested the 
dielectric strength of oil is familiar with the “ b.d.s.i. ” spark 
(b.d.s.i. = break down at short intervals). It is customary to 
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neglect these small preliminary sparks which occur before the 
final potential of complete failure is reached. 

We are all familiar with the curves of spark potential of needle 
gaps and sphere gaps. At low values of gap length it requires 
more potential to spark the sphere gap than the needle gap. But 
as the gap lengths become greater these two values of spark 
potential gradually approach each other. For very large gaps 



BETWEEN TWO % IN. BRASS RODS WITH HEMISPHERICAL ENDS 


Figs. 12 and 13 

The curves in Fig. 12 show the relation of spark potential of a needle gap and a sphere gap 
at frequencies of about 4,000,000 cycles per second and somewhat less. _ . 

Fig. 13 shows the general connections of the circuit. With no inductance in series with the 
soark'gap under test, the relation between the sphere gap and the needle gap is given by the 
upper curve. This curve shows the same general relations as the tests at 60 cycles. When, 
however, the inductance is placed in series, as shown in Fig. 13, the needle gap and sphere 
2 ao become equal in length for the same potential. The dotted line shows the relation. 
The broken line, drawn in at 45 degrees for reference, shows the position of the curve for 
equality between the needle gap length and the sphere gap length. 


there is very little difference in spark potential between needles 
an d small spheres used as electrodes. In the measurement 
of high-frequency discharges, however, the conditions of test 
may be adjusted to give practically identical curves for both 
the sphere and needle gaps. (See Figs. 12 and 13.) 

In the measurement of the. discharge potential of a multigap 
lightning arrester, as shown in the circuit connection of Fig. 14, 
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the potential indicated by tlu- needle pap is always mtu-li nip, her 
than the potential by iransl'urinattun. Although liu- actual 
potential mav be preater than tlie \.aut gi\* n »> ‘ 11 latui o- 
transformation of the transformer, then- is evidence to shmv thal 
it is not as high as indicated by the needle pap. 

The difference between the two values ot potential is really due 
to the oscillations set up bv the sparks between tin* cylinders 
nearest the line terminals. As the potential ol the 1 ranstormer 
is increased, more and more ol these arrester-gaps spark over, 
until finally the- spark runs entirely across Irma terminal to 
terminal. Since it requires only about. '2000 volts to spark over 
a single gap, and since each successive gap breaks down like 
the fall of a “ card-house,” it is reasonable to eonelmU- that the 
oscillations set; up by the sparks on the end paps do ayt. raise the 
potential by more than a few per cent. Since the unheal tons 
of the needle gap may easily he 50 to lilt) per emit above the 
potential by transformation, one must necessarily conclude that 
the high frequency causes the spark across the needle gap to 
form more easily. Other examples could be given, but the 


MI.P Ik.AiC: 



TbAfiM'OUMt.W 


Fl(i, It 

Circuit connections Cor showing the variations in nmllr gap wlvu tor at high tm|*it*n«-ir. 
are superimposed on the (iU-eyde wave of potential. 

foregoing is sufficient to east, doubt oh the needle gup as a devi.ee 
for measuring potentials at. high frequency. 

Let us look next to the use of the electrostatic voltmeter. b irst 
of all, the electrostatic voltmeter measures effective hut, not 
maximum values of potential at normal frequencies. At high 
frequencies the usual type of electrostatic voltmeter does not 
seem"to measure anything. To illustrate: an electrostatic volt¬ 
meter was calibrated on (><) cycles and found approximately 
correct. It was then attached to a 200,000 eyrie Alexa.ndersou 
generator through a small step-up transformer. At. three quart 
ers of the full scale deflection it, sparked over and thus short- 
circuited. Two questions arise" did the lower potential, as 
indicated by the deflection, cause an internal spark due to the. 
better conduction of the air under high-frequency stresses? 
Or, did the excessive value of brush discharge which, due to high 
frequency, occurred at the edges of the vane, cause an erroneous 
deflection? The mechanical repulsion of the brush discharge on 
the edges of the vane might naturally prevent the vane from 
moving up to the position corresponding to the impressed po- 
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tential. Thus the standard electrostatic voltmeter fails in its 
application to high-frequency measurements. 

In all these measurements, it may incidentally be noted, tnere 
is always the possibility of the occurrence of localized resonance. 
A stationary wave might raise the potential locally to nearly 
double value. 


Theory of Discharge at an Insulator 
The electrostatic strains on an insulator under test cause two 
well-known distinct phenomena: 

1. A direct stress through the porcelain. 

2. Corona streamers over the surface. 

1. The Stress through the Porcelain. This presents no espe¬ 
cial difficulty in its analysis, so long as we do not insist on knowing 
too intimately the sub-atomic processes. There are two metal 
surfaces separated by solid porcelain. In the intense field the 
potential gradient between the metal parts is fairly umfonn. At 
the sharp edges of the metal, such as, for example, the pm of an 
insulator, there is a local concentration of. static stress, which 
may be the cause of the beginning of a failure by puncture. 

If there is a flaw in the porcelain in the strong part of the 
electrostatic field, naturally, this locates the path of puncture. 
If the flaw is outside the strong part of the field, puncture is a 
matter of accident. The probabilities of puncture under this 
condition will be discussed later, as it comes under the category 

of superficial discharge. _ ^ a WoT , r 

What is a flaw in the porcelain? What produces flaws? How 
are flaws to be distinguished from universally weak porcelamr 
These are questions that should be answered by the manuiac- 
turer of porcelain for electrical purposes. My understanding 
of the situation at present is that they are all too busy manu¬ 
facturing porcelain to spare the time for anything else, lhe 
possibility of studying this subject carefully is not given to many 
engineers. The man who should know is the operator of a fur- 
nace. The processes have been developed by cut and try 
methods and even at the scientific “best” the temperature 
throughout a furnace in practise may vary from top to bottom 
and from center to edge. The problem, it seems, in firing por¬ 
celain is to raise the temperature to a point such as to soften the 
porcelain and sinter it into a solid mass and yet no go so ar 
above this temperature as to make the porcelain melt down. 
“ Under-firing ” produces weak porcelain containing flaws,_ ana 
the insulators are punctured in subsequent test. Over-firing 
allows the insulator to warp out of shape and it is scrapped before 

it comes to test. . 

Flaws ma y come also from local impmities, insufficient curing 
before firing, improper dimensions, or improper rate of faring. 

Irrespective of other factors, there is a marked effect resulting 
from the periodicity of the potential of test. Our tests have not 
shown directly that dielectric hysteresis m porcelain is a factor, 
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because there is no method of predetermining the presence of 
a flaw. The fact that puncture is most liable to occur in spots 
that are not initially at the maximum electrostatic stress would 
lead one to believe' that it is most frequently the accidental 
flaw or locally weak spot that fails, rather than a damage to the 
good porcelain resulting from the rapid alternation of potential. 
However, on the other hand, in using a battery of glass Leyden 
jars, the evidence seems conclusive that when a high-frequency 
discharge takes place it is the heating effect of hysteresis or at 
least the alternating effect of the high frequency which causes 
puncture. Leyden jars have withstood more than five times as 
much undirected potential as alternating potential. The fre¬ 
quency was about a million cycles per second. These statements 
have 'reference specifically to very high frequencies. _ The 
difference between 25 cycle's and 60 cycles is relatively negligible. 

By inductive reasoning from experiment it seems certain that 



1 

ELECTRODE 

CONCENTRATED 

STATIC FIELD^^ 1 

. STATIC FIELD 

1 in h- 

! ; m ■ ■ ' PORCELAIN 

■! 


ELECTRODE'' 


w- 



Fig. 15 

Illustration of the spark which takes 
place when the air is over-stressed. The 
arc is prevented by the fact that the 
porcelain has a greater dielectric strength 
than air. 


Fig. 16 

This illustrates at the corner of the 
electrode the dense field which has a com¬ 
ponent parallel to the surface of the porce¬ 
lain. When the potential gradient reaches 
the critical value for air a horizontal 
spark starts along the porcelain. 


high frequency is more severe on the flaws in porcelain than low 
frequency. At the surface checks and flaws the possibility of 
damage, then, is increased not only by the greater potential 
gradient due to the depth of the flaw but also by any increase 
in the frequency of oscillation. 

2. Corofta Streamers over the Surface of an Insulator . It is 
evident that if an insulator must fail, it should do so by spark¬ 
ing around through the air rather than by puncture. There are 
two important questions: What makes the arc go around?—and, 
what forms or designs favor this? Mr. A. 0. Austin, as stated in 
his paper* at the Chicago convention, 1911, used a working 
theory of surface resistance to aid in improving the design. 
Where the surfaces are wet, and they are usually more or less 

*The High-Efficiency Suspension Insulator , Transactions A. I. E. E., 
1911, XXX, III, p. 2303. 
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moist, there is a real surface resistance that must he taken kit 
account. Putting aside the matter of rain tests, there is a 
phenomenon of discharge over the surface which I think can he 
distinguished from conduction by “surface resistance.” This 
is shown in several gradations in Figs. 15, 16 and 17. The 
requisite parts to give this phenomenon are two electrodes 
in air and a sheet of insulation separating them. A orimary 
requisite of the insulation is a dielectric strength greater than air. 
If at the same time the insulation has a dielectric constant greater 
than air, this greater constant will also tend to magnify the sur¬ 
face corona on the sheet of insulation. In Fig. 15, it is assumed 
that the insulation is of porcelain which has a dielectric strength 
seven times as great as air and a dielectric constant four times 
that of air. As the difference of potential on the electrodes is 
gradually increased, the air breaks into a conducting spark, but 
there is no damage to the porcelain as it is at only one-seventh 
of its dielectric strength. 



d 
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Fig 

. 17 


This represents a single spark running 
out from the electrodes along the surface 
of the porcelain and the electrostatic field 
at the advance points of the spark which 
causes it to continue to move forward 
along the surface of the porcelain. 


SPARK • 1 I ELECTRODE 

;\ ■ dlT 


PC3CELAJN I 



ZONE. 4 


ELECTRODE-* 


Fig. IS 

This shows, for the purpose of analysis, 
an artificial separation of the capacity 
between two electric sparks into four 
zones. The use of this figure is explained 
in the text. 


As the potential gradient at the edges of the electrodes rises 
(Fig. 16), the air will be put under more and more stress.. Since 
the porcelain conducts the displacement current four times as 
readily as air, it tends to draw the electrostatic lines m air 
closer to the edge of the electrodes and thus increase the density 
there 

Fig. 17 represents the condition when the horizontal electro¬ 
static forces at the surface of the electrode reach a gradient above 
30 kv. per cm. This causes a spark to run out along the porce¬ 
lain. on each surface, in the same relative position, bince the 
spark is more or less of a conductor of electricity, the electros a 10 
lines will extend beyond its outermost point and thus will con¬ 
tinue to overstrain the air, in advance of the extending spark 
This overstrain turns into a brush discharge and then a spark 
Hicseharcrp Thus the spark length gradually but rapidlv O ro\\&. 
ITIdTtiagIS mS this sriacS spark rail be called ^ 
spark. If there were no losses of energy to weaken the spark 
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niio-ht be possible to spark over an indefinitely extended surface 
merely by raising the potential gradient of the electrodes above 

the dielectric strength of the air. _ 

What gives the spark its volume or intensity of current. 
The growth of the corona spark consists in supplying new elec¬ 
trostatic condensers with electric charge. The sparks on opposite 
sides of the porcelain form the plates of a condenser. 

For the sake of convenience the length of a given spark (fig. 
18) is divided into four arbitrary zones and so numbered. When 
the spark first reached the capacity of zone 1 it was carrying 
current to charge condenser 1. As soon as condenser 1 became 
charged, the current in the spark would have dropped to zero it 
it had ceased to move forward toward the next zone. Its move¬ 
ment into a new zone necessitated a further supply of electricity 
to the capacity of that zone. 

When the spark reaches zone 4 it may be that the condenser 
of zone 3 has not yet received its full charge, due to the drop m 
potential, along the spark, from the electrodes to zone 3. 
If the spark increases in conductivity zone 3 will get more 
potential, and therefore, more charge. As a result of this con¬ 
dition the spark tends to attenuate as its length increases. One 
might say that the attenuation is due principally to the drop 
of potential along the spark. 

So far, we have considered only the first impulse that starts 
the spark—the equivalent of applying a constant-direct poten¬ 
tial to 'the electrodes. The lag in the formation of the spark at 
the point gives a limit to the current that is drawn through the 
spark. If, however, the applied potential is rapidly alternated, 
then the condensers formed by the sparks as electrodes must be 
supplied with new charges of opposite sign at each alternation. 
When the electric charge changes from positive to negative 
(or vice versa) the current supplying the charges does not change 
in direction. For this reason, and others, the current m the 
second impulse will be much greater than in the first. 

If the alternations are sufficiently rapid to prevent complete 
de-ionization of the spark streak, each subsequent alternation 
will find a spark path already partially made and consequently 
the re-establishment of the spark will be facilitated. Since the 
creeping spark forms w T ith less obstruction it will be able to 
extend itself farther from the electrode than it would at a lower 

frequency. - . , 

If we knew T that the spark-lag w-as located mostly m the 
initial dark discharge rather than in the subsequent blue brush 
discharge, we w r ould be in a position, at this stage of the hypoth¬ 
esis, to state that the higher frequency would lessen the spark- 
lag. Further studies of creeping spark-lag are needed to under¬ 
stand the details of the discharge over insulators. 

As the frequency of oscillation increases, there is no doubt 
that the creeping sparks are magnified in intensity and in length. 
Furthermore, their location is somewhat determined by the 
frequency. 
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Does this magnification of the creeping spark always increase 
as the frequency increases? Exact experimental data are lacking. 
Since, however, we are launched into an hypothesis it mav be 
extended to cover the condition of extremely high frequency. 
So far, frequencies of the order of only 100,000 cycles per sec. 
have been considered (wave lengths about § mile long). The 
matter hinges on two factors, the rate of creeping of the spark, 
and the possibility of having a wave length less than the length 
of the creeping spark. 

We do not know r the rate of creeping of the spark, but if the 
wave length is less than the distance to the edge of the porcelain 
it is highly improbable that the creeping spark could extend 
beyond a half wave length. The energy loss in the spark is so 
great relatively to the energy stored in the capacity of the 
creeping spark that probably little of the energy returned from 
this local condenser w T ould be available to extend the spark. (A 
spark wave 6 in. (152.4 mm.) long has a frequency of the order 
of 24 million cycles per sec.). 

Furthermore, with such high frequencies the decrement due 
to the resistance of skin effect in the conductor must be very 
high and may need to be taken into account. Although it can 
not be considered as settled, it seems tenable to assume that 
beyond a certain very high frequency of unknown value the 
creeping sparks begin to lessen, but at the same time the danger 
of puncture may also lessen. 

The Effect of Surface Conduction as Distinct from the Effect 
which Causes the Creeping Spark . If the top surface of the 
porcelain shown in Fig. 17 is covered with rain water the electro¬ 
static forces will be distributed over the surface by the conduc¬ 
tion of the water. This will change the electrostatic field on the 
under side of the porcelain. The current in the creeping spark 
on the lower side must be drawn through the water on the upper 
side. This brings into effect the surface resistance. 

The general effect of placing a good conductor over one 
surface of the porcelain is to facilitate the formation of creeping 
sparks from a narrower electrode on the other side. 

Impressed Potential , Creeping Spark-Lag , and Dielectric 
Spark-Lag. In these three factors is the crux of the problem. 
To assist in establishing the relations, a specific hypothetical 
problem is assumed. A gradually increasing potential applied 
to an insulator makes it spark around at 100,000 volts, at 60 
cycles. Under oil the head of the insulator punctures at 130,000 
volts at 60 cycles. Under oil, again, an identical insulator 
tested at high "frequency punctures at 120,000 volts, due to the 
more energetic effect of "high frequency in puncturing. (We have 
no standard for measuring high-frequency potential and we do 
not know what frequency will cause a decrease in the puncture 
potential from 130,000 volts to 120,000 volts, but the equivalent 
condition exists.) 

Now, with the insulator in air, if any potential between 1UU,UUU 
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and 130,000 volts at 60 cycles is applied, the creeping spark wdl, 

Sg^frl^n^ volts is ^ 

mOTe^than 130,000 volts at 60 cycles is applied, the 
ins^ltor S puncture if the dielectric sp^k-lag of the pertain 

sWdhSd for 6 the* high-frequency 1 test.^Herein are four factors 
to be determined: 1 •' The law of decrease m creepage spark- 

[ag 2 with potential. decrease ^ creepage spark _ lag with increase 

°f frequency ^ of dielectric spark . lag in the porcelain 

f °4! n ?heTaiTtoe of dielectric spark-lag in the porcelain 

f ° r A deign must 6 be made which gives a low value of lag to the 
creeping spark. 

Methods of Testing Insulators 

1. Generator at 25-60 cycles, step-up transformer, and 
in or ease of potential by variable excitation. 

2 Generator at 100,000 cycles, step-up transformer, and 

inerease of potential by variable excitation. . 

3 Single P sudden disruptive discharge from Leyden ]a 
(or equivalent). Source of power a static machine or other 

^A^oSaiing transformer supplied with 

5 Multiple disruptive discharges from a condenser charged 

by potential from a transformer at 60 cycles 

The choice of a method has been dictated at times by ns 
availability Among the five there are some which give equiva- 
knt effects.' From the analysis of the problem already given 
tornattain characteristics that are desrrable to grvc the 
insulators certain kinds of strains. These are. 

• 1. Gradually increasing potential at 60 cycles. 

2. Gradually increasing potential at high frequency. ^ 

3. Suddenly applied potential (less than puncture 

hl f Suddenly "applied potential (greater than puncture value) 

at The 1 test^for*puncture of an insulator under oil is not one to 
be deluded asTstandard test. Although it has a value m 
investigations of the dielectric strength of porcelain, it has no 
practical value for general use, due simply to the artificial con- 
Hi'tion it imooses. The oil cuts off the natural relief path over 
the surface of the insulator which it is desirable that_ the dis¬ 
charge should take. The criterion of quality m an msulatoi 
deoends exactly on this relation, namely, that the insulator 
shall spark around rather than punctine under the application 
of sudden excessive potentials of high frequency. 
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What Value of High Frequency should he Used ? This is an 
open question. It may be regarded from three standpoints. 

First (the present-day standpoint), the insulators are made 
to withstand gradually applied potential at 60 _ cycles with a 
resultant flash around the insulator through the air. They have 
sometimes a further imposed test. This is an endurance ran at 
a potential somewhat below the potential which causes a flash- 
around.” The fairness or need of this test might well be ques¬ 
tioned. The insulator is never subjected to such a strain m 
practise. So far, then, it is not a fair test. If the test, however, 
is equivalent to some strain that actually occurs, such as the 
oscillation of an arcing ground, or if the test is necessary at the 
factory to eliminate weak porcelain, it must be proved so. 

The assumption is made in the above test, wittingly or other¬ 
wise, that lightning occurs very infrequently and cannot be 
allowed for in the construction of the insulator. 

Second, from the standpoint of protection, the insulators 
should be made to withstand the sudden high-frequency poten¬ 
tials of lightning. What are these conditions exactly? Nobody 
knows and no one is willing to undertake the expense of the 
investigation. A little is known, but the imposition, blindly, of 
any arbitrary high-frequency test may be unfaiu 

Third, from the manufacturers’ standpoint, it is a question 
of production. How many insulators will be left after the high- 
frequency test is made? One answer is, it depends on the design. 
Many insulators, however, of a design particularly adapted to 
high frequency may even be punctured if the imposed test is 
sufficiently severe. What potential in excess of the average 
puncture potential of the porcelain is to be applied. How long 
is the application to be made? How sudden must be the appli¬ 
cation of potential? ’ . f-ri. 

Known and Speculative Conditions of Strain on Line Insulators. 
Putting aside normal conditions of potential as being so safe to 
the insulator as to require no comment, there are left two types 
of abnormal strains: namely, lightning, and surges from arcing 

In the extreme, the value of potential and suddenness of 
application of a direct stroke of lightning may be said to be 
greater than anything we can produce m test. In other words, 
the most severe potential test of the laboratory is permissible. 
On the other hand, the time of application is short. .It is usual 
to have several successive lightning discharges .in a fraction ot 
a second. The frequency is unknown. Dr. Steinmetz s calcula-- 
tions and our uncertain tests put the value at perhaps a halt- 
million cycles. This frequency, for other reasons, may be higher 
than should be used in test. 

The surges from arcing grounds are, fundamentally, ot more 
moderate values, although they may have superimposed upon 
• them ripples of much higher frequencies. For the oscillation 
of a line one may find 1000 to 20,000 cycles per sec.; for the 







2210 


HIGH-TENSION INSULATORS 


[Dec. 13 


oscillation of a transformer, frequencies of the order of 20,000 
cycles; for the oscillation of a coil of a transformer, frequencies 
of the order of 100,000 cycles per sec. Except for the particular 
condition of resonance, the potential of these surges may _ 6 
considered, tentatively, at least, as double the delta potential; 
the time of application as \ sec., where the arcing ground 
suppressor is used, and several minutes, otherwise. How to 
measure in test the potential of this high frequency is yet to be 


determined. 

General Effects Found in High-Frequency Tests of Insulators. 
As the frequency of the applied potential increases there is an 
increased tendency for sparks in the air to cling to the surface 
of the porcelain in the form of creeping sparks. For example, 
a pin type insulator consisting of several pieces, when tested on 
60 cvoles, had a spark formed over the upper surface of the top 
skirt, but at the edge the spark jumped straight to the pin. 
When the same insulator was tested on 200,000 cycles the spark 
followed every surface on the three skirts. _ 

On other insulators of the suspension type having several 
concentric rings of petticoats under the skirt the very high 
frequencv would cause the spark to follow the long path over 
the surfaces of these petticoats rather than jump from edge to 
edge as it does when a lower frequency is applied. 

There is, fundamentally, a great difference between the tests 
at 60 cycles and the high-frequency tests, not yet brought out 
This comes from the nature of the circuits. In the 60-cycle test 
the first spark is usually followed by an arc which necessita es 
■opening the circuit. The arc potential is always much less than 
the spark potential, so the instant the arc forms the potentia 
strain on the insulator is relieved. Furthermore, there is usually 
but a single streak or spark for each test. In the high-frequency 
tests, successive sparks are being rapidly formed and extinguished. 
If the parts are symmetrical this spark forms continually in 
new positions. It follows the surfaces. The insulator is hterally 
bathed in a succession of sparks which fed for weak spots 
everywhere in the porcelain. One test of this kind may be made 
the equivalent of a thousand tests at 60 cycles—everything else 
in the comparison being neglected. (This bathing of the msu- 
lator in sparks was shown in the demonstration tests made at 
the meeting bv Mr. Stewart Thomson and Mr. H. E. Nichols.) 


Summary and Some Conclusions 

The probable relation of spark potential to gap length may 
perhaps be expressed as followsWith a given length of gap, the 
potential to cause a spark decreases as the frequency increases, 
up to a limited value of high frequency. Above this critical 
frequencv the potential to cause a spark increases with a further 
increase in frequency. This change in the lav? probably comes 

from dielectric spark-lag. , j . . l4 . , 

Neither the needle gap nor the usual electrostatic voltmeter 
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measures high potential at high frequencies. Furthermore, 
due to resonant effects in a transformer, the ratio of the trans¬ 
former is also unreliable. 


The subject of insulator tests is divided, primarilw into: 
first, the direct strains on the molecular structure of the por¬ 
celain, with a consideration of the weakening‘effect of flaws, 
and, second, the creeping spark which forms over the skirts of 
the insulator. A jump spark 10 cm. long will easily turn into a 
creeping spark 50 cm. long. ‘ 

There are four factors of' importance to be considered in con¬ 
nection with the testing of an insulator. First, there is the actual 
value of potential. It must be above the puncture value to 
have any possibility of causing puncture. The frequency must 
herein be taken into account. The second important factor is 
the suddenness of application, of potential. The third important 
factor is the spark-lag of the creeping spark, and the fourth, the 
dielectric spark-lag of the porcelain to puncture. 

Assuming that the application of super-spark-potential is 
suddenly made in a time less than the time of spark lags, then 
there are two possible results. If the dielectric spark-lag of the 
porcelain is less than the lag in the formation of the creeping- 
spark, the porcelain punctures. If, on the other hand, it is 
greater, the spark passes around the skirts and relieves the 
potential strains. 

There are five different methods of test given. When the 
design of insulators makes it practicable, these tests can be 
reduced to one. If a porcelain insulator will stand a sudden 
application of high-frequency potential above the puncture 
value (for short, a super -spark-potential) without puncturing 
the porcelain, it w r ill withstand any of the other tests. No 
standardization of test is possible at the present time. More 


experimental work must be done. . 

The most severe strain is that of lightning. Heating by the 
dynamic arc which * follows the lightning stroke may break an 
insulator but there is, in general, no necessity of allowing the 
arc to play long enough to do this. . . 

The high-frequency test has the advantage of giving many 
successive strokes which cause shifting creeping sparks. - These 
shifting creeping sparks search out the flaws in the skirts. 

In the demonstration tests made by Mr. Thomson and Mr. 
Nichols, a frequency of 180,000 cycles from an oscillation trans¬ 
former was applied successively to several pm insulators and to 
a pair of suspension insulators. The.usual result of the test on 
the pin type was to puncture one skirt after another, until the 
last one was left. A single skirt withstands the high-frequency 
strains better than two or more. The suspension type insulators 
in test refused to puncture, although the discharges were passed 
over them for nearly a minute. In every case most of the sparks 
crept over the surface of the porcelain. These effects are shown 
in Figs. 19 and 20. 
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H W infi eld Secor (by letter): This paper on the high-fre- 
mipncv testing of high-voltage insulators seems oi prime import¬ 
ance Lift a matter that should be followed up closely by 

both manufacturers and engineers. , t i 

Referring to Mr. Lincoln’s remarks, m regard to whethei the 
current applied’to the insulator under such * 

as described, really was impressed at a potential of as great a 
periodicitv as mentioned by Mr. Thomas, I would say that m 
accordance with Thompson’s well-known equations applym 
to an oscillation circuit such as employed by Mr Jiimnas, 
which is not greatly different trom the ordinary wireless trans 
mitting circuit, the following holds true: 

Mr."Thomas’ arrangement of the high-frequency test com¬ 
prises a closed oscillating circuit, and whether or not ^alterna¬ 
ting— or, if you please, an oscillating—surge is causedTo be set 
up In that circuit and to act on the insulator under test depends 
upon whether or not the resistance squared, of the c ^ d J 
tion circuit is smaller than four times the inductance divided 
by the capacity of the circuit. In case it is smaller the condense 
discharge is oscillatory or alternating in character, but it 


then the condenser discharge is not alternating or oscillating 
in character. In view of this it seems quite probable that the 
insulator is not always subjected to a high-frequency alternating 
current test, as the oscillation period of this circuit is a function 
partly of the capacity of the insulator being tested, and partly 

of its resistance. , . . . 

Having these conditions under which to work, the number ot 
shocks in a given time to which the insulator is subjected can 
be found by means of a wave-meter calibrated to read tiequency 
per second, instead of wave length, provided, of course that 
the circuit conforms to the above-mentioned rule so that the 
condenser discharge is oscillatory or alternating. In this con¬ 
nection I believe the new direct-reading wave-meter, developed 
by Dr.. Seibt of Germany, would be of service, indicating m a 
similar manner to the ordinary direct-reading instruments, by 
means of a pivoted needle moving over a graduated scale, the 
wave length at any instant, and conversely the frequency ot 
the alternations, or, also, the number of shocks applied m a given 
time to the insulator being tested. As suggested by Mr. Lincoln, 
a decrease in each train of w T aves or oscillations takes place, and. 
the peaks of the decreasing waves, equivalent to each halt-cycle 
of transformer primary current, follow a logarithmic curve, and 
the logarithmic decrement may easily be determined by 
of a Marconi decremeter. At the frequency mentioned m Mr. 
Thomas’s paper, viz.: 1,000,000 cycles per second the wave 
length is 300 m., as the velocity of ether waves is 300,000,000 m. 
per sec., and this wave length is easily read on any ordinary 
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wave-meter, or on Dr. Seibt’s instrument, also much lower wave 
lengths corresponding to several million cycles per second. 
Lightning discharges have a very high frequency, generally, and 
a varying potential that is enormous, and in view of this it does 
not seem that insulators will ever be built that can be guaranteed 
to stand any lightning, but these high-frequency tests are certainly 
a long step in advance and are to be highly commended, in my 
mind. 

E. S. Lincoln (by letter): I noticed with particular interest 
Mr. Sandford’s remarks relative to a laboratory for high-voltage 
investigations, and I wish to state at this time that such a 
laboratory is under construetion. It will be fitted for both testing 
and research work, with a special department for high-voltage 
investigations. The maximum potential will be 1,000,000 volts at 
60 cycles with a capacity of 1000 kv-a. Details of this laboratory 
will be furnished to the Institute in the near future, but I wish 
to mention the fact at this time so as to inform those who are 
interested in this subject that they will have the facilities for 
making any test that they may desire. _ 

Ford W. Harris (by letter): I should like to ask if it is possible 
to add to Mr. Sothman’s paper, or rather to the tabulation, a 
column showing the number of sections tested. That is, the 
number of different insulators actually tested. This is important, 
as, if all the insulation tests were made on a single string, a con¬ 
siderable error might be involved due to peculiarities of the 
insulators involved. In dealing with a problem of this nature 
average results are sought after and the only way to get average 
results is to test a considerable number of sections. 

The second point that would seem to me to be pertinent is 
the question of the costs of the various types involved. For 
example the insulator “ type A ” would appear to be materially 
cheaper than those having a metal cap, and it might be that, 
by u sing a larger number, the same or better protection could 
be obtained at lower cost. In considering this phase of the 
matter the additional cost of structure to accommodate the 
longer length of string would also have to be considered. What 
the power user is really buying is insulation, and a little addi¬ 
tional information from Mr. Sothman would be interesting. 

I have not had any considerable experience with transmission 
lines but have used a considerable number of insulators 
that were originally designed for such lines in various 
types of switching devices. When used for such purposes 
the question of mechanical strength is a critical one. I 
have come to two conclusions. First, that for cementing 
insulators together and cementing on caps and cementing in 
pins, there is nothing better than neat Portland cement. Such 
cementing must, however, be watched very closely and the parts 
kept wet. A good method in the case of pins is to invert the 
insulator and fill the petticoats with water. Portland h a 
hydraulic cement and needs lots of water.' The second point 
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is that the use of line insulators in disconnecting switches 
and the like is poor economy. It is true that most op¬ 
erators prefer to use the same insulator on disconnecting 
switches and the line on account of ease of carrying spare parts, 
but the average insulator is entirely too weak for such use and 
much better results may be obtained by the skilful design o 
special porcelains with larger fastenings. I have often wondered 
if the characteristics of ordinary line insulators could not be 
materially improved by applying the same analysis that we have 
applied to those for disconnecting switches. # 

The photographs reproduced are very interesting, bu 
photographs of discharges are somewhat likely to be mis¬ 
leading, due to the unfortunate characteristic they have 
of integrating the discharges. That is, they photograph dis¬ 
charges that occur at different times and the result is the sum of 
all the discharges that occur during exposure. Even it the expos- 
sures are made absolutely the same there is an accidental factor o 
be considered in that such discharges are more or less intermittent 
and vary greatly in their violence from second to second, even 
with the conditions maintained absolutely constant. 1 his is 
quite generally understood, however, and Mr. Sothman has 
doubtless given them for their value as qualitative measures 
rather than as quantitative. They certainly show just what we 
may expect during the time of stress on an msulatoi.. 

Charles Rufus Harte (by letter): The determination of 
Messrs. Imlay and Thomas that a grounded pm tends to con¬ 
centrate stresses upon an insulator and thus reduce its factor 
of safety is particularly interesting to the writer, who for some 
years has taken exception to the desired practise, first of-the 
telephone companies, and now of the joint committee specifica¬ 
tions for high-tension crossing protection, in calling mdiscumi- 
nately for grounding pins and grounded strips on crossarms at 


Where a transmission line has such construction throughout 
its length there is no distinction, but it has always seemed to 
the writer, and a number of instances had confirmed that belief 
prior to the evidence of this paper, that to ground the pins at 
the crossings alone, takes away a considerable proportion of the 
protection it is intended to create by the use of higher safety 
factors for insulators at this point. . ,, 

Edward Bennett (by letter): In the Discussion of Tests 
in the paper by Messrs. Imlay and Thomas, great importance 
is attached to the fact that the potentials causing puncture of 
the insulators were of high frequency. The implication is that 
the puncture of the insulators is to be attributed either to some 
difference in the nature of 60-cycle and high-frequency stresses 
or to some difference in the distribution of the stresses through¬ 
out the body of the insulating material at high and at low fre¬ 
quencies. It is further stated that the insulators which did not 
puncture at 250,000 volts on 60 cycles under oil, punctured 
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after a comparatively few shocks of high-frequency discharge 
and without apparently opposing a resistance of much over 
100,000 volts (10-in. (25.4 cm.) spark gap). 

It would seem, however, that under the conditions of test 
shown in Fig. 11 of the paper, the breakdown of a 10-in. measur¬ 
ing gap would indicate the application between line-wire and 
pin of a potential far in excess of 100,000 volts during the interval 
of time required to bridge across the 10-in. gap or, in general, to 
establish a conducting Hash-over path. 

The breakdown of a spark gap is not an instantaneous phenom¬ 
enon; our knowledge of the rates of breakdown of the series gap 
and of the flash-over path does not permit _ of the formation of 
an estimate of the value to which the potential between the line- 
wire and pin might build up during the interval of breakdown. 
It is conceivable, however, that with a 25-in. (63.5-cm.) series 
gap and the transformer adjusted as stated, the potential across 
the insulator might build up to 500,000 volts. 

CHOKE 



Pig. 21 

If this is the case, the puncture of the insulators is not to be 
attributed to the high-frequency stresses alone, but partly,, or 
possibly largely, to the application of extremely high potentials 
for short intervals; that is, the interval of the “ spark-lag of 
the protective path—the flash-over path. To eliminate from 
the tests an unknown high potential, a third plate might be used, 
as indicated in Fig. 21 of this discussion, with the insulators 
connected by extremely short wires between two of the plates, 

as shown. . , ,, , 

Whatever the explanation, the paper emphasizes the tact tnat 
the insulators puncture in service which are protected by flash- 
over under prevailing testing conditions. The paper is of great 
importance because it brings this out so clearly, and emphasizes 
the need of tests, such as those described, more nearly represent¬ 
ing service conditions'. _ ■ 

F. F. Brand (by letter): The high-frequency tests outlined 
by Messrs. Imlay and Thomas are, I believe, the first recorded 
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in which an attempt was made to subject insulators to a definite 
test similar to a lightning disturbance. . 

There are one or two points I wish to raise with reference to 
the statement that the potential drop across the insulator was 
apparently only 100,000 volts. The method of measurement was 
to connect a spark gap in multiple with the insulator, and in 
series with this spark gap was a high non-inductive resistance. 
At a frequency of approximately 1,000,000 cycles per second 
the charging current from the line side would be considerable, 
and the radiation current also would be appreciable, therefore 
the voltage drop across this resistance might be quite hign. 
Furthermore, the spark gap was some 5 or 6 ft. (1.5 to 2 m.) from 
the insulator, so that the inductance was appreciable. There¬ 
fore, wo do not know- that the voltage indicated by the spark 
gap represented the actual voltage across the insulator when it 
arced over. Furthermore, we do not know whether the spark 
gap is accurate at a high frequency. 

The explanation the authors give of the cause of breakdown 
is quite feasible. It may also be possible that, while the energy 
required to disrupt that small part of the dielectric which repre¬ 
sents the resistance which is in series with the capacity of the 
insulator, is greater than the energy required to disrupt the 
air around the insulator, due to the inductance of the path around 
the insulator, and to the fact that the air usually breaks down by 
corona which requires time to form, the air does not have time 
to break down before the dielectric adjacent to the pirns dis¬ 
rupted. Each further impulse produces this failure until the 

whole insulator head is punctured. 

It would appear that a more careful study of; the gradient 
around the sharp edges of the pin would solve this difficulty. 
In an electrose insulator we might mpld a sphere of metal into 

the insulation and screw the pin into it. 

In regard to suspension insulators, if the potential balance 
over the string depends to any great extent on the leakage 
current, at high frequency this would be obliterated by the larger 
charging current through both the shunt and mutual capacity, 
and thus the voltage required to arc over the string would 
decrease. Also, if the potential balance is dependent to any 
extent on corona formation, with a sudden application of voltage, 
as by a wave with a steep front, the potential nses to a high value 
before corona forms and thus the distribution of potential is 

Furthermore, the links connecting the units have an inductance 
which is not negligible, and as the frequency increases, the voltage 
drop across this inductance increases by the frequency times the 
increased current through the insulators to ground. I his 
voltage is in opposition to the voltage across the insulators; 
thus the sum of the voltages across the insulators no longer 
equals the total voltage across the string, but is higher, thus 
pa using the insulators to arc over at a less total voltage across 
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the string. The puncture of the line unit would not necessarily 
occur unless the potential gradient is excessive at some point. 

Since the above tests were made, I have tried with the same 
apparatus and voltage the effect of high frequency on a small 
strum of suspension insulators, but did not succeed m breaking 
them” in 150 flashes, possibly due to the fact that the excess 
voltage over the arcing voltage of the string was not proportion¬ 
ately as great as in the tests described in the paper. 

Mr. P. M. Lincoln has raised the point that the frequency of 
oscillation as given by the authors is not correct, but that the 
insulator reflects the wave of potential—this is not exactly 
correct The frequency of oscillation given by the authors was 
calculated from the constants of the circuit when the insulator 
had arced over. The oscillation before this is the oscillation 
with the capacity of the insulator in series with the inductance 
of the connections and the main capacity. Inasmuch as the low- 
voltage capacity of the insulator, that is, before corona forms, 
was less than one-tenth of the main capacity, the insulator 
would be subjected to an oscillation practically at a frequency 
equal to that caused by its capacity only with the inductance of 
the circuit, and the potential across the main condenser would 
be sustained until the insulator punctured or had time to arc 


Mr Peek has suggested that the reason why the insulators 
punctured is due to the sudden application of a voltage m 
excess of the puncture voltage at normal frequency, and is not 
due primarily to the high frequency of the oscillation. This can 
readily be tried by applying an impulse test at a voltage less 
than the low-frequency puncture voltage. 

Turning now to a consideration of the paper by Mr. Sothman, 

I wish to call attention to the errors in results which arise if 
the method of testing does not correspond to service conditions. 

Practically all line insulators are used between line and ground, 
therefore the grounded end-of the insulator string should e 
grounded during test. Due to the fact that each insulator has 
a capacity to ground, as well as a mutual capacity with reference 
to the other insulators, the voltage is not divided uniformly 
the total string. The arcing voltage of the string usually occurs 
when the line unit reaches the arcing point, thus the arcing volt¬ 
age of the string is not equal to the arcing voltage of one unit 
mulfiplied by the number of units. This discrepancy is increased 
the greater the number of units from line to ground, and the 
greater the ratio of the shunt to mutual capacity. Thus 
testing with the neutral of the testing system grounded, as 
•apparently was done by Mr. Sothman, the number of_ units 
between line and ground is one-half the total number m the 
■string, and the voltage from line unit to ground is one-halt the 

total voltage on the string. . ' ^ A 

Neglectingithe change of potential balance due to corona and 
the leakage current, for a string of five insulators, similar to the 
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type A shown, the dry arcing voltage with one terminal grounded 
is 281 kv. The arcing voltage with the neutral grounded, 
calculated from the ratio of shunt to mutual capacity, would be 
332 kv. Seven units similar to the type Ic shown should art 
over at 357 kv. with one end grounded, and at 450 kv. with the 
neutral grounded. Five units of the type D shown should arc- 
over at 308 kv. with one end grounded, and 308 kv. with the 
neutral grounded. 

Thus we see that we do not even get a correct comparison 
between the types, as the ratio of shunt to mutual capacity is 
not the same for different types, also the number of units used 
in the string is not the same. In practise tins difference. is 
not so great as the calculations show, due to the potential 
balance being changed by corona formation, but there is liability 
of serious error in results with the neutral of the testing system 
grounded. 

Regarding the author’s list of specifications and tests 1 would 
make the following suggestions regarding some of the points 
raised. 

Method of Support. The insulator should be supported as 
nearly as possible as in service. Normally the top of the insulat or 
string should be grounded in suspension insulators, and the pin 
in pin type insulators. Tests thus should always he made with 
one terminal of the testing transformer grounded. The insulator 
should be supported by approximately the same size apparatus 
as the service crossarm. The voltage should be applied to a 
conductor the same size as the line conductor, of a length suffi¬ 
cient to prevent concentration of stress on the ends affecting the 
test. The insulator should not approach closely any large 
bodies, and in a string of suspension insulators the line should 
probably not be closer than twice the length of the string from 
the ground surface. 

Capacity of Testing Transformer and Generator. These should 
be large enough to give a fairly heavy dynamic arc, and to 
prevent very great distortion of the wave shape, also to prevent, 
the regulation of the testing system being changed by the insula¬ 
tor load. In general, a testing transformer with a normal rat ing 
of 0.5 to 1 ampere, high-tension winding, with a generator of 
equal rating to the transformer, is sufficient. 

Method of Determining Voltage. This should be by a device 
which indicates the maximum of the voltage wave, such an a 
spark gap. The ratio of the transformer should be checked 
against the spark gap when connected to the insulators, and this 
ratio used as a final means of determining the exact voltage. 

Method of Regulating the Voltage. This should be one which 
avoids distortion of the wave shape. The potentiometer method 
is undoubtedly the best, that is, with shunt and series resistance 
or reactance. In large power outfits this, however, is both bulky 
and wasteful of power, and a method using generator field con¬ 
trol within small limits and a multiple-circuit generator or low- 
tension winding on the testing transformer is very satisfactory. 
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Effect of Frequency. Commercial tests are usually made at 
60 cycles, the variation between results at this frequency and 
other operating frequencies being small. High-frequency tests 
are particularly a design test and should be made only on a few 
sample insulators or a specified small percentage of the insulators. 
These tests are difficult to execute, to duplicate, and are at 
present destructive to the insulators. The impulse test outlined 
by Messrs. Imlay and Thomas is probably more definite than 
the sustained oscillations produced by an oscillation circuit, in 
which the maximum voltage is unknown. Also a sustained test 
is probably unfair to the insulator by reason of the heating of the 
dielectric under sustained high-frequency voltage. 

Wet Test. Two conditions of artificial rain are required for a 
general wet test, depending on the climate the insulators are 
to be used in. One is precipitation in large drops as in a thunder 
storm, the other being more nearly a mist. A precipitation of 
0.5 in. (12.7 mm.) per minute for the large drops and about 
0.25 to 0.3 in. (6.35 to 7.62 mm.) per minute for the mist 
gives severe enough results. The mist can be readily produced 
by sprays in which compressed air is used to atomize the water. 
In this way the mist is blown up under a shallow petticoat of an 
insulator. The specific resistance of the rain plays a very import¬ 
ant part in the results. In general a fairly high specific resistance 
should be used to approximate rain conditions. In Pittsfield, 
Mass., the city water has an average specific resistance per cu. 
cm. of 7500 ohms. The rain should be at an angle of 45 deg. to 
the horizontal for vertical insulators, and 45 deg. to the inside 


of horizontal or strain insulators. 

Corona. The insulator should certainly show no corona at 
normal operating voltage, and an insulator which does not show 
corona until practically the arc-over point is best, as such an 
insulator is less likely to be disrupted by sudden impulses of 
potential which may rise to a very high voltage before corona 

has time to form. „ 1 v , 

Design Test. A design test of twice the line voltage under 
wet conditions should be a good value, the value of the dry arc- 
over not being so important, provided it is not less than the 
wet test, which can occur in badly proportioned strings of sus¬ 
pension insulators. The test should be made at a barometnc 
pressure equal to the mean pressure at the maximum altitude 
at which the insulator string is to operate. If this test is not 
feasible as a regular test the results should be corrected for 
altitude from experimental tests on certain of the insulators. 

Max H. Collbohm (by letter): The subject treated m the two 
napem on testing of insulators, particularly the high-frequency 
test is of considerable importance to the transmission engineer 
the reason that practically all insulator breakdowns are 
caused by external or internal lightning strokes of inherent 
high frequency, while hardly any insulator is damaged urn. 
normal operating conditions. 
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The writer has observed on two transmission systems 44,000- 
volt and 66,000-volt, 65 mi. (104.6 km.)—that breakdowns 
occurred most frequently on the strain insulators on dead-ends 
along the line, although the'sc were composed of more units than 
the ordinary suspension. In one instance practically every strain 
insulator on the whole line was damaged by a single inductive 
stroke caused by accidentally closing a short-circuited line 
under full potential. This was very likely due to a mg l-lie- 
quency surge finding an easier path through the insulatoi. m 
direct line with the power cables than over the loop connecting 
the two dead-ended lines and offering probably a high impedance 
under high frequency on account of its curved form. 

The writer has previously suggested a high-frequency insula¬ 
tor test at extremely high voltage mid sudden application m 
order to determine the capacity effect of the insulator ondei 
lightning stresses. He believes that the inherent fatigue 01 t he 
insulator material is an important factor in the sell-protecting 
qualities of the insulator against the very short lightning stroke's* 
This is again a point in favor of a grounded system (over resist¬ 
ance) as against an ungrounded system, on account of the 
absence of the probability of continuous arcing grounds pro¬ 
ducing high frequency. , 

The puncture between pin and top of insulatoi" is probably 
due to the high potential gradient at the pin with its small 
dimensions and sharp corners, and improvements could be 
effected, as indicated in the papers under discussion, by care¬ 
fully avoiding sharp corners and small curvature on the pm, 
and by increasing the thickness of the material around the pm. 
As a further means for protection the. writer would suggest 
the adaptation of a fairly large metal disk on the pm of each 
insulator in the row, as close as permissible to the bead of the 
pin without reducing materially the flash-over resistance by 
approaching the petticoats too closely, and.also equipping the 
insulator cap likewise with an extension of its lower run in the 
form of a horizontal disk. This would serve, lor one thing, to 
obtain a more even distribution of static stresses by shielding 
the pin as far as practicable, and it may furthermore have the 
more important function of a condenser, the action of which may 
eventually be sufficient to pass to ground any higli-lrequuncy 
charge, thus being similar in operation to the high-frequency 
arrester of recent European development, , 

Another protection to the insulator may be available m the 
installation of arcing rods, both above and below the insulator, 
the comparatively sharp end points of these rods tending to 
break down sooner than arcing rings would, on account of the 
higher potential gradient at the ends* The writer is completing 
the erection of a 66,000-volt line equipped with these arcing 
rods and awaits with great interest the effect of this arrange¬ 
ment during the coming lightning season. 

The installation of arcing rods seems to have had a beneficial 
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effect on one 6600-volt line put into service a year ago which 
has gone through a number of very severe storms, the effect ot 
which was shown by the burning up of an outdoor fuse box and 
by the almost continuous operation of the electrolytic arrester, 
w’ith final damage, without having caused the slightest injury 

to even a single insulator. . , , 

It is the writer’s opinion that ideal conditions can only he 
obtained by developing each insulator so as to act as its own 
arrester, either by giving it sufficient conductance undei hi»h- 
frequency conditions by means of additional condenser capacity, 
probably arranged as mentioned above, or by preventing the 
passage of high-frequency energy over the insulator proper 
by providing a suitable choke coil between the power conductor 
and insulator (which in case of suspension insulators could be 
arranged with comparative ease and cheapness, between wire 
clamp and suspension hook by a few turns of iron wire) and 
letting the arcing rods take care of the mam discharge (preventing 
service interruption by the use of a grounding rheostat of lowes 
permissible current-carrying capacity to avoid opening ot 

^Regarding the insulator test as a test, the writer believes that 
it ought to be made under conditions closely approaching those 
under which the insulators have to operate: 

AH insulators intended for steel towers should be placed on 
steel crossarms with cable attached, to get exact static stress 

dl All insulator wet tests should be made with a strong air 
current directed horizontally against the insulators to get the 
effect of a wind carrying the rain into the insulators. 

All insulators for service along the coast should be tested with 

^Strain ^insulators should be tested horizontally with rain 
applied alternately, or perhaps simultaneously, from both sides. 

All high-voltage tests to be made under mechanical loading. 

With these points considered, the test itself (as for the buyers 
interest only) should otherwise be conducted about as follows. 

1. Mechanical test (continued throughout the entire test). 

2. Wet test on completed unit with hardware attached. 

3 ’ Wet test on string of units with cable attached. 

4. High-frequency high-voltage test (wet) on string of unit 
with cable attached. 

5. Dry test on single unit. . ... 

6. High-frequency test (dry) on string of units with cable 

^(Optional). Tests Nos. 3, 4 and 6 repeated with arcing 
rods attached, to determine proper dimensions for the latter 
combination with the particular insulator Pattern. 

P. W. Sothman (by letter): Referring to Mr. Mershons 
criticism that rather undue emphasis has bee* laid 
of safety relative to the line voltage, it must be borne m mind 
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that owing to the lack of operating experience with potentials 
as high as 110 or 120 kv., the question of line insulation was, at 
the time, obviously one of paramount importance, and the tests 
were conducted with the end in view to ascertain first of all the 
insulator best suited to work safely at a voltage arbitrarily placed 
at twice the operating voltage under the worst condition. The 
fact that insulators may fail owing to suddenly applied excess 
voltages or surges along the line due to lightning discharges or 
other disturbances was even then pretty well appreciated and 
the records show that the selection of the type E insulator was 
made mainly because of its superiority in resisting puncture as 
compared with other insulators which stood up equally well with 
regard to the double line voltage test. 

The use of still higher voltages appears to encounter certain 
limitations, and although it is now fully realized that the problem 
of insulating the line against lightning disturbances is one quite 
different from that of insulating against line voltage only, it is 
nevertheless apparent that a radical departure from the method 
employed at the present time for insulating the line must be adopt¬ 
ed, if transmission voltages much above 130 or 150 kv. are to be 
used in future. A mere increasing of units of the present suspen¬ 
sion insulator will not afford the insulating value which could be 
expected from the amount of porcelain and space employed. An 
increase in insulation simply by increasing. the dimensions of 
the material either in linear or in cubic direction proportionately 
to increased line voltage, will not work out satisfactorily with 
the present methods of insulator design, and unless a more 
scientific method is devised the use of higher voltages should be 
considered with more conservatism than has been displayed in 
some cases. 

L. E. Imlay (by letter): We set out to develop a^ pin type 
insulator adapted for use on 44,000-volt circuits which would 
not puncture with lightning discharges. The plan we adopted 
was to take an insulator already designed for 44,000-volt service, 
subject it to the stresses which it would receive in actual service, 
and vary its size and shape until the desired result was secured. 
The nearest approximation to lightning that we could obtain was 
the discharge from a 750,000-volt, 500-kw. transformer. _ 

In the course of the tests we found that the most effective way 
to secure the desired results was to reduce the width of the 
petticoats. When these were entirely removed the desired 
result was obtained, so far as resisting puncture was concerned. 
This is shown by test No. 14, in which the insulator consisted of 
a cylinder of electrose about 5 in. (12.7 cm.) high and 5 in; in 
diameter. This insulator, however, would not answer our 
requirements, as it flashed over the surface on 60 cycles wet at 
33,500 volts. It is highly probable, however, that the insulator, 
even in this form, would have been adequate for 44,000-volt 
service in places where its surface would not become covered 
with dust from chemical works and where rain water only could 
get on it. 
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The idea of a high-tension line insulator without petticoats 
was so novel that we could not make up our minds to go any 
further in this direction, although the next logical step woul 
have been to increase the height of the cylinder until the required 
le aka ge surface was obtained. We finally adopted a compromise 
design involving the use of a wooden pm which was equivalent 
to lengthening the cylinder. We retained considerable of the 
petticoat feature, but a plain cylinder without these projections 

would probably have been better. • 

Tr ansmis sion lines can be adequately protected from lightning 
by the installation of a sufficient number of overhead guard wires. 

If the system is of sufficient importance to warrant the expense 
necessary to provide this method of protection, insulators we 
alreadv have available are adequate. If, however, this expense 

is not'justified, insulators should be provided which will not be 
injured bv lightning and which will remain m condition after 
lightning'discharges and the arcs consequent thereto hare 
passed over their surfaces, so that the line can be placed m service 
immediately after an interruption. Such an insulator will 
perform the functions of a lightning arrester. I believe each lme 
insulator should be an adequate lightning arrester and a sy stem 
equipped with such insulators should have no need of an elabor¬ 
ate lightning arrester equipment at the stations to probect the 
generating and transforming apparatus. _ I _ trust the slig 
amount of work which we have done m beginning this investiga¬ 
tion will lead to the development of a reliable insulator which 

will answer these requirements. . . 

P H. Thomas (by letter): By the expression high fre¬ 
quency,” in our paper, is meant an abrupt or steep wave-front 
S? than a stained high-frequency vibrat.cn I.is very 
unlikely that anything more than a very few rapidly decreasing 
waves would be produced by the high-potential discharge of 

“c^SSd be taken to distinguish between the breakdown 
of insulating material by constantly applied sustained high-tre^ 
quency potentials, and the tests of this paper. _ The ° r “® r .% 

cause the failure of very strong insulators m virtue of the rapid 
oumtilative heating due to the dielectric losses produced by Jkhe 
alternating high-intensity static field, while in the tests described 
in our paper the high-frequency shocks were not sustained and 
aspace of time occurred between each application and the next. 
No emdence of heating could be found either inside or outside 
the insulator until after an arc had passed. _ , . d- 

Perhaps the most interesting question raised during the dis¬ 
cussion is that of the cause or nature of the marked preference 
of the high-frequency discharge for puncturing the insulator 
fitead S flashing oler. It has been argued that an, angap 
requires a certain amount of time to break down, which time is 
greater than the amount of time required for the solid material 
to break down, and consequently that u the time of applicat o 
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of voltage were too short to permit the air gap to break down 
when its normal breakdown voltage limit was reached by the 
rising wave, the impressed voltage would go on rising above this 
limit until the breakdown limit of the solid material was reached. 
This explanation seems plausible enough and will explain the 
phenomenon r provided it be true that the spark gap in air does 
require a longer time to break dow r n than the solid material, and 
provided , further, that the actual minimum limit of time required 
for such a breakdown in air is actually greater than the time 
required for the potential to rise to its maximum in these tests, 
and at the same time, that the time required for the breakdown 
of the solid material is less than the time required to reach full 
potential. If all of these conditions are true it is a rather remark¬ 
able coincidence. 

It does not seem probable to the writer that there is any such 
length of time required to start a discharge across an air gap as 
is required for the potential to rise in the present case. It is true, 
as pointed out by Mr. P. M. Lincoln, and more in detail by Mr. 
Brand, that the initial discharge to the insulator top before 
breakdown will be at a higher frequency than the main discharge 
(perhaps four to six times as high), yet the period is so long com¬ 
pared with the numerous known instances of sparks from far 
higher frequency, that its likelihood seems very small. 

If an air gap could not break down as rapidly as the voltage 
was impressed on the air gap in this case, it would not be possible 
to operate Tesla coils as they are operated, for the voltage on 
the terminals of the coil secondaries would be reversed before 
a spark could occur. Similarly with the famous Hertz researches, 
where far, far higher frequencies were used than in these tests. 
Hertz could not have gotten sparks from his very high frequencies 
if a spark gap could not break down in a period as short as that 
of these tests. 

It may be argued that a short gap would break down more 
readily than a long one, but this would not, seem to be the case, 
since the longer gap will have a proportionally higher voltage. 
In the case of the present tests the available voltage was far 
higher than the normal resistance of the spark gap, and further, 
there was immediately available a very large amount of stored 
energy from the condenser. Another point should be considered, 
that it is not necessary, in order to relieve the potential strain 
on the solid material, that a spark be established all the way 
across the gap, but merely that the charge be able to escape 
from the live metal parts into the air. 

Finally, if the air cannot break down quickly and a potential 
of 300,000 volts is thus impressed upon the solid material of 
the insulator head, those insulators having a head only 1 in. 
(25.4 mm.) thick should have invariably broken down, for they 
failed under oil at 200,000 volts. As a matter of fact there was 
little difference in their behavior from that of those with 2-in. 
(50.8 mm.) heads. 
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Mr. Peek has suggested that in the normal tests of insuluters 
the formation of corona at 60 cycles permits a redistribution 01 
stress over the surface of the insulator and enables it to stand 
a higher applied voltage than would otherwise be the ease. 
This action is very similar to the explanation given in the paper, 
except that the effect is there attributed to insulation resistance 
rather than corona. In Fig. 9 of our paper the insulation leak¬ 
age paths are illustrated as through solid material, but the same 
effect would be produced if they were over the surface of the insu¬ 


lator. . , 

Mr. Brand’s discussion is much to the point, and is especially 
valuable as he was present at the tests and was familiar witn 
all the apparatus. 

Mr. Mershon has asked why we consider that tne^ etiect or 
the metal foil band is to increase the effective size of tne pin, 
as shown in Fig. 3 of the paper. This is because the bami 
to take the same potential as the pin on account of its superior 
electrostatic capacity to the pin and hence acts elecuiCUxU 

as part of the pin. . , . ,. ., • 

Referring more broadly to the testing and inspection Ot mg..- 
tension insulators, I wish to say that Mr. Sothman’s paper gives 
an excellent treatment of the subject and fulfills the plan Oi lU 
High-Tension Transmission Committee that this meeting snoulu 
give a foundation or a text for a thorough general discussion o. 
the subject, with the hope that at some later meeting it 
be possible to arrive at some concrete agreement as to tne es_e. 

tials of a satisfactory test. Q m ,, er 

While many thoughts are suggested by Mr. Sothmans pap 
o.tid the discussion thereon, I wish to call attention only to th 
Joint made by Mr" Brand, viz., that when a string of suspension 
insulators Is used, its test strength will beS,re 
p-roundine of one end of the string. This effec . , , 

Swked the Greater the number of units in the string and tne 

ISss 

p TwoSd a £5 ss 

to ground when m a nearly honzonta P ffi • jf this 

tical, and will therefore have being 

be true, some designs should suffer j* s compose d of many 
used in an inclined position, and t 

units should be the most affected adicm rament): It is 

R. F. Hayward MnSnission line that 

probably safe to say that no long-distance reason able 

has been equipped with msuMf rom rain or 
basis has ever experienced the ^ cxper iemv. 

snow. Thisisabsolut^rtt^e 1 _ay^st 2 _mtl^^ .^ 

” *~EUctrical Characteristics of the Suspension Insulator, m I- v 
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Consequently all tests of insulators for breakdown under arti¬ 
ficial rain conditions, with ordinary frequencies, while being 
important, should be looked at more in the light of standard tests 
for strength of iron or steel or cement- in other words, some¬ 
thing that has got down to more or less settled conditions. 

In the writer’s experience with high-tension transmission at 
50 and 60 cycles over long distances and wide areas in Utah and 
Mexico, after eliminating breakdowns due to the mechanical 
destruction of insulators from outside sources, the only brea 
downs of insulators that have passed through the standard tests 
have occurred in cases where there has undoubtedly been a high- 
frequency discharge of some kind or other, whether from light¬ 
ning or as the result of some sudden surge, as from a heavy short- 
circuit. 

I do not think that people interested in high-tension transmis¬ 
sion can have the importance of high-frequency tests too strongly 
brought before their attention, and I look forward to any inves¬ 
tigations that may throw additional light on this matter. 



CODE OF PRINCIPLES OF PROFESSIONAL CONDUCT 

OF THE 

AMERICAN INSTITUT E OF ELE CTRICAL ENGINEERS 
Adopted by the Boa rd of Direc tors, March 8, 1912. 

A. General Principles. w^wer 

B. The Engineer’s Relations to Client or Employ- . 

C. Ownership of Engineering Records and Data. 

£; ?£ Engineer’'s £££££££** 

Whil^the Allowing principles express^generally^the engineer'^rela- 

tions. 

A General Principles 

in ,< hi. relations the engihee, ^ * «“ 

principles of honor. -himself to the best of his 

2. I. i. the duty of ^ “ l SS„Si«d are of legi.i- 

ability that the with enternri» he tod. 

it to S be ^oi questionable character, he should sever his connection wi 
as soon as practicable. 

B THE Engineer’s Relations To Client Or Employer 

3. The engineer .honldconsider ‘ .void 

of” “iioyer, the engineer -hohld inf.rt. 

him of the situation. , accep t compensation, financial or 

4. An engineer can not h “ wit hout the consent 

otherwise from more than consulting, designing installing 

°or oterS -I^ra^pt commissions, directly or indirectly, from 
parties dealing with his client or f invent i ons , apparatus, 

-■ hi! s ““ 5 ta 

the matter clearly understood before eng g emp i oye d by more than 
<5. An engineer in independent ool^ot; ^ it 

one party, when the interests o ted to devote his entire time to 

nnn "7 
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engineer permanently retained by a party, should notify others of this 
affiliation before entering into relations with them, if, in his opinion, the 
interests might conflict. 

7. An engineer should consider it his duty to make every effort to 
remedy dangerous defects in apparatus or structures or dangerous con¬ 
ditions of operation, and should bring these to the attention of his 
client or employer. 

C. Ownership Of Engineering Records And Data 

8. It is desirable that an engineer undertaking for others work in 
connection with which he may make improvements, inventions, plans, 
designs, or other records, should enter into an agreement regarding their 
ownership. 

9- If an engineer uses information which is not common knowl¬ 
edge or public property, but which he obtains from a client or em¬ 
ployer, the results in the form of plans, designs, or other records, should 
not be regarded as his property, but the property of his client or em¬ 
ployer. 

10. If an engineer uses only his own knowledge, or information 
which by prior publication, or otherwise, is public property and ob¬ 
tains no engineering data from a client or employer, except performance 
specifications or routine information; then in the absence of an agree¬ 
ment to the contrary the results in the form of inventions, plans, designs, 
or other records, should be regarded as the property of the engineer, and 
the client or employer should be entitled to their use only in the case for 
which the engineer was retained. 

11. All work and results accomplished by the engineer in the form of 
inventions, plans, designs, or other records, that are outside of the field 
of engineering for which a client or employer has retained him, should be 
regarded as the engineer’s property unless there is an agreement to the 
contrary. 

12. When an engineer or manufacturer builds apparatus from designs 
supplied to him by a customer, the designs remain the property of the 
customer and should not be duplicated by the engineer or manufacturer for 
others without express permission. When the engineer or manufacturer 
and a customer jointly work out designs and plans or develop inventions 
a clear understanding should be reached before the beginning of the work 
regarding the respective rights of ownership in any inventions, designs, 
or matters of similar character, that may result. 

13. Any engineering data or information which an engineer obtains 
from his client or employer, or which he creates as a result of such infor¬ 
mation, must be considered confidential by the engineer; and while he 
is justified in using such data or information in his own practise as forming 
part of his professional experience, its publication without express per¬ 
mission is improper. 

14. Designs, data, records and notes made by an employee and refer¬ 
ring exclusively to his employer’s work, should be regarded as his em¬ 
ployer’s property. 

15. A customer, in buying apparatus, does not acquire any right in its 
design but only the use of the apparatus purchased. A client does not 
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acquire any right to the plans made by a consulting engineer except .for 
the specific case for which they were made. 

D. The Engineer’s Relations To The Public 

16 The engineer should endeavor to assist the public to a fair and cor¬ 
rect general understanding of engineering matters, to extend the general 
knowledge of engineering, and to discourage the appearance of untrue, 
unfair or exaggerated statements on engineering subjects m the press or 
^Iwhere especially if these statements may lead to, or are made for the 
purpose of inducing the public to participate in unworthy enterprises 

17 Technical discussions and criticisms of engineering subjects should 
not be conducted in the public press, but before engineering societies, or 

in i8 he it eC i h s nl de 1 sirable S ' that first publication concerning inventions or 
other engineering advances should not be made through the public press, 
but before engineering societies or through technical 

MTS fSS*. Ik, opinion should contain a M. 

statement of the conditions under which it applies. 

E The Engineer’s Relations To The Engineering Fraternity 

the 02 "ln a ™“a‘.r O< in“ipSbi« charge of wort should not permit non- 
..ct^pSo”; no ovemiie hi, engineering i.dgment, on purely en- 
gineering grounds. 

F. Amendments 

Additions to, or modifications in, this Code may be made by the Board 
of Directors under the procedure applying to a by-law. 

HISTORY OF THE CODE 

At the Milwaukee Convention in May, 1906, Dr. Schuyler Skaats 

Wheeler ‘^'^j^^Q^y’j^oQ’thaf'theld'eas'c^ntained’in thir^ddreM 
was the sense of the . Ethics for the electrical engineering 

-ate following committee was appointed in 

October, 1906: . 

Schuyler Skaats Wheeler, Chairman. 
w w Pttck Charles P. Steinmetz 

In May l907, the committee reported a code to the President and Board 
0* DirectX for discusrion at the on had 

;:“. d S U «”deon account of the provision, of the Con.titution prohibiting 
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Conventions from acting upon questions affecting the Institute s organiza¬ 
tion or policy. 

It was taken up by the Board of Directors on August 30, 1907, revised, 
printed and submitted to the membership for suggestions to be sent to 
a new committee appointed by President Stott. 

It lay dormant until June, 1911, when, in accordance with a resolution 
of the Board of Directors, President Jackson appointed a committee. 
The personnel of this committee, as reappointed by President Dunn in 
August, 1911, is as follows: 

George F. Sever, Chairman . 

H. W. Buck . Charles P. Steinmetz 

Samuel Reber Henry G. Stott 

Schuyler Skaats Wheeler 

This committee’s work was presented in a report to the Board of 
Directors on February 9, 1912, when the code was tentatively adopted. 
After a month’s careful analysis and consideration of numerous sugges¬ 
tions from the advisory members of the committee and others, the 
completed code was adopted at the meeting of the Board of Directors on 
March 8, 1912. 

At the meeting of February 9, the title of the committee and of the 
code was changed from that of Code of Ethics to Code of Principles of 
Professional Conduct. 

The committee was assisted by eighteen advisory members appointed 
by the President. Their names are appended. 

William S. Barstow Henry H. Norris 

Louis Bell Ralph W. Pope 

John J. Carty Harris J. Ryan 

Francis B. Crocker Charles F. Scott 

Dugald C. Jackson Samuel Sheldon 

A. E. Kennelly William Stanley 

John W. Lieb, Jr. Lewis B. Stillwell 

C. O. Mailloux Elihu Thomson 

Ralph D. Mershon W. D. Weaver 
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The Board of Directors of the American Institute of Electrical Engi¬ 
neers herewith presents to the members of the Institute its annual report 
for the fiscal year ending April 30, 1912. 

Brief summaries of the work of the various standing and special com¬ 
mittees Ire included in the report, and also a detailed financial statement 
showing the condition of the respective funds of the Institute, the receip s 
and disbursements for the year, the assets and liabilities, and aeon- 

rirs-«»«*. - e “-, a 

those of all previous years, as a result of the constantly increasing a 
Hy“ „4“ op. of the Institute, them is an eases. in the recerp.s ove, th. 

the Fionnc. Commits, th. Inmate P«' 
ch^d fm Investment,, in June 1011. MW P» value Wtlm.ng.on 

° g-'ng 4 gi^ard'^of^Directm'^'has^held nine regular monthly meetings at 
J«uK hoadjarter. during the year, and on. meeting at the Ch.c.go 

C TTi»uil”c J “'o«ti« was hold in Chicago Jun. 26-30 1911. The 
registered .....dance was 578 member, and 386 guests a 
which was the largest convention attendance in the history of the > stl ^®’ 
The Pacific Coast Meeting was held m Portland, Oregon, - P ’ 

1912, and was attended by 210 members and guests, including delegation 
frnm all the orincipal Pacific Coast cities. . A 

Tthto. day „.. P ti»g «»dor the anspioes of the 

the Industrial Power Committee, in conjunction with the Association oi 
Il anrsteel Electrical Engineers, was held in Pittsburgh April 25-28, 
1912. The attendance at this meeting was 265. . . . , 

At the Chicago, Portland and Pittsburgh meetings, m 
thfla ge number rf excellent papers presented and discussed, the pro- 

Stm5.>u”d inspection .tip, and .the, “XbTto S 

by local committees, which were both enjoyable and profitable 

Wh D„ P ,fgSeT. a .t President Dunn presided at.be PimW- Jj “t 
at the Pacific Coast meeting at Portland. He also ^^ited the Section 
at Ithaca, Cleveland, Boston, San Francisco, Los Angeles, St. Louis an 

L ^At the Chicago Convention the resignation of Mr. Ralph W. Pope 
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as Secretary of the Institute, was tendered and accepted, and the Board 
of Directors, in recognition of Mr. Pope’s long and loyal services to the 
Institute, appointed him to the position of Honorary Secretary, in which 
capacity the Institute still has the benefit of his long experience in its 
affairs. 

Mr. Pope devotes his time principally to the welfare of the Sections 
and Branches, and during the year he has visited the following Sections: 
Ithaca, Schenectady, Chicago, Cleveland, Toledo, Washington, Min¬ 
nesota, Indianapolis-Lafayette, Los Angeles, San Francisco, Portland, 
Seattle, and Vancouver; also the Branches at Armour Institute and 
Lewis Institute, Chicago, and Throop Polytechnic Institute, Pasadena. 
Upon his return trip from the Pacific Coast Convention at Portland he 
also addressed a meeting of members at Spokane, Wash., where a move¬ 
ment is on foot to establish a Section. 

At the first meeting of the Board of Directors in the present adminis¬ 
trative year, held on August 22, 1911, there was inaugurated a policy 
of publicity in Institute affairs, and accordingly a resume of the 
actions of the Board has been sent to the technical press and all Di¬ 
rectors and members of committees immediately after each meeting. 

Mr. S. Z. de Ferranti, President of the Institution of Electrical Engineers, 
of Great Britian, visited this country in September, 1911, in company 
with several other prominent engineers. A luncheon in honor of the dis¬ 
tinguished guest was given by the Institute officers and past-presidents 
in New York on September 29th. 

A delegation of Institute members attended the International Elec¬ 
trical Congress and the meeting of the International Electrotechnical 
Commission held in Turin, Italy, in September, 1911. Reports of both 
meetings w T ere published in the November, 1911, issue of the Institute 
Proceedings. 

At the October meeting of the Board of Directors, the President was 
requested, in view of the cordial hospitality shown by the Italian author¬ 
ities and members of the Associazione Elettrotecnica I tali ana to the 
representatives of the United States and the American Institute of Elec¬ 
trical Engineers attending the Congress at Turin, to appoint a committee 
to draft suitable resolutions expressing the appreciation of the Institute 
for the honors and distinctions the American representatives had received. 
In reporting these resolutions at the November Board meeting the 
committee suggested that in the case of the Associazione Elettrotecnica 
Italiana a more substantial evidence of appreciation and good will 
would be fitting and desirable, and recommended the presentation to 
the Associazione of a bust of Joseph Henry. Arrangements have been 
made for the formal presentation of the bust at the Annual Meeting on 
May 21. 

A bronze bust of the distinguished German scientist, Hermann von 
Helmholtz, was presented to the Institute last fall by Mr. Edward D. 
Adams, to whom the Institute is indebted for many benefactions in the 
past. The formal presentation of the bust to the Institute was the feature 
of the Institute meeting held in New York in November 1911. The 
Verband Deutscher Elektrotechniker was represented at the meeting 
by Dr. Adolf Franke of Berlin. 
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On October 13, 1911, resolutions were adopted by the Board directing 
the Editing Committee to regard as standard practise and to continue 
the insertion in its publications of metric equivalents, after each expres¬ 
sion of values in English measures; also that the Institute adopt the 
standard international symbology decided upon by the International 
Electrotechnical Commission; also that the Institute adopt as the standard 
direction for expressing advancement of phase in graphic diagrams of 
alternating-current quantities the counter-clockwise direction standardized 
bv the International Electrotechnical Commission. 

**The President was also authorized to correspond with the officers of the 
leading European societies of electrical engineers with a view to establishing 
reciprocal visiting member privileges for the mutual advantage of European 
electrical engineers visiting the United States and American engineers visit¬ 
ing the various countries of Europe. 

At the November 1911 meeting of the Board a new By-law was adopted 
providing for preliminary nominations of officers of the Institute by 
petition. This has met with general approval, as was evidenced in the 
recent nominations for officers for 1912-1913. 

On January 12, 1912, Mr. F. L. Hutchinson, formerly Assistant Secre¬ 
tary, and Acting Secretary since Mr. Pope’s resignation, was appointed 
by the Board of Directors as Secretary of the Institute, to fill the un¬ 
expired term of Mr. Ralph W. Pope. 

The Board also unanimously approved the proposed amendment to 
the Constitution providing for the appointment of the Secretary by the 
Board instead of his election by the membership, and directed that this 
amendment be submitted to the membership for a vote. 

At the same meeting, in accordance with the provision of the Consti- 

tution by which Honorary Members may be chosen from among those who 

have rendered acknowledged eminent service to electrical engineer¬ 
ing, Professor Andre Blondel, of Paris, Mr. C. E. L. Brown, of Baden, 
Switzerland, Dr. Emil Budde, of Berlin, Mr. Sebastian Z. de Ferranti, 

- of London, and Professor Antonio Pacinotti, of Pisa, Italy, were elected 
Honorary Members. These were the first names to receive the distinc¬ 
tion of honorary membership since 1892. 

A trip to the Panama Canal for members and their guests was author¬ 
ized by the Board last fall, and on January 17, 1912, a party of 59 mem¬ 
bers and guests sailed from New York on the steamer Almirante. Another 
party of 51 members and guests left New Orleans on the steamer Cartago 
on January 20. The parties combined at Panama, and were afforded 
unusual facilities for inspecting the engineering features of the great 
canal. A report of the trip was published on page 283 of the March 
Proceedings. 

On February 9, the Board adopted a resolution recognizing the pro¬ 
priety of permitting the use to the members of the columns of the Pro¬ 
ceedings for the expression of their criticisms and views on Institute 
affairs. Since the passage of this resolution “ The Forum ” has been 
used to a considerable extent for the discussion of various questions, 
particularly the constitutional amendments. 

In addition to the work mentioned in this report, much has been ac¬ 
complished by the various permanent and special committees as re- 
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ported from time to time in the Institute Proceedings. Prom the tore- 
going statements and the following brief reports of the work of many 
of the committees, it will be seen that the Institute’s field of activity 
is constantly broadening, and that a vast, amount of useful work has been 
accomplished during the past year. 

Sections Committee. —The Sections Committee is able to report nn 
increased activity in its work during the past year. In line with similar 
statements of previous years, the activities ot Urn Sections C ommittee 
are summarized in the following table. 

Voir Ending 



Muv 1 
1008 

May l 
um 

Muv 1 
arm 

May 1 

mn 

Muv l 
1012 

Sections 

Number of Sections. 

21 

24 

25 

25 

28: 

Number of Section meetings ( 
h,>1d . ! 

Hi 

1WI 

187 

208 

231 

Total attendance.. 

7.47(> 

in,4 27 

lo.oot 

15,243 

10,800 

B ranches 

Number of Branches. 

22 

2 n 

31 

30 

42 

Number of Branch meetings 
held.. • .. 

| na 

im 

237 

255 

281 

Attendance. 

4,128 

8,443 

10,255 

10,714 

10,255 


The foregoing table does not show by any means all of the increased 
activities of our various Sections. Not only has the amount of work 
increased as indicated in the foregoing table, but the character has during 
the last year or two shown a marked improvement. The number of origi¬ 
nal papers which is being produced by our various Sections is increasing 
to an astonishing degree. Practically every Section now has presented 
at its meetings original papers of a value which is comparable to that of 
the papers presented at the regular Institute meetings. Not only have 
the Section meetings themselves shown increased activity and improved 
character, but the recent movement to hold regular Institute meetings 
in various parts of the country has done much to stimulate Section 
activity. In addition to the regular Section meetings shown in the pre¬ 
ceding summary, regular Institute meetings have been held in Boston, 
Mass., Portland, Oregon, Pittsburgh, Pa., and in Schenectady, N. Y. 
Some of these meetings have occupied a period of three days. 

As indicated in the summary* three new Sections have been added 
during the past year; namely, at Lynn, Mass., Indianapolis-Lafayette, 
and Vancouver, B. C. These new Sections have taken hold well, ami 
already 20 meetings, with a total attendance of 2,2-19, have been held by 
these three new Sections. 

Six new Branches have been added during the year as follows: Uni 
versity of California, Ohio Northern University, Oklahoma Agricultural 
and Mechanical College, Rose Polytechnic Institute, University of Vir¬ 
ginia, and Yale University. 
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The uniform basis of Section expenditures which was adopted a year 
ago is working to the satisfaction of all concerned. 

In brief, the Sections Committee reports a satisfactory year. 

Meetings and Papers Committee. —During the year this committee 
has arranged for eight regular meetings in New York, and has co-operated 
in and approved the programs for the Pacific Coast Meeting held in 
Portland, Ore., April 16th to 20th, 1912, and the Industrial Power Meet¬ 
ing held in Pittsburgh, April 25th to 27th, 1912. A total of thirty technical 
papers were presented and discussed at these meetings. The committee 
has also approved the plans and program for the meeting to be held in 
Schenectady, N. Y., on May 17th. At this meeting, which is under the 
auspices of the Schenectady Section, ten papers will be presented. 

At the 1911 Annual Convention held in Chicago under the auspices 
of last year’s committee, 35 technical papers were presented. Prepara¬ 
tions are now being made for the 1912 Annual Convention to be held in 
Boston, June 24th to 28th, at w T hich about 35 papers upon a wide variety 
of subjects will be presented. The program will include joint sessions 
with the Illuminating Engineering Society and the Society for the Pro¬ 
motion of Engineering Education. 

New York Reception Committee.—This committee was established 
by the Board of Directors in December, 1911, to raise funds for and 
to take charge of the smokers which have been held in the Institute 
rooms immediately after the technical sessions at the New York meetings. 
These smokers have enjoyed an increasing popularity very greatly in¬ 
creasing the attendance at the meetings and affording an excellent 
opportunity for social intercourse of members and their guests. The 
finances to defray the expenses of the smokers have been collected by 
the Reception Committee in the form of voluntary contributions. 

This committee also arranged for a dinner which was attended by 
members of the Board of Directors and several Past-Presidents on April 
1st, 1912, in honor of Mr. C. E. L. Brown, of Switzerland, who had 
recently been elected an Honorary Member of the Institute. 

Railway Committee —The committee avoided any efforts to obtain 
papers which would not add materially to electric railway information, or 
which might be in the nature of duplication of other papers. 

One notable contribution along a new line was arranged for by the 
committee; that by President Samuel Insull of the Commonwealth 
Edison Company, on the general subject of consolidating power plants, 
and treating the railway demands, whether urban, interurban or trunk 
line, simply as large customers in a general system.. On the presentation 
of this paper it was decided to have it revised and printed for presentation 
at the Annual Convention in Boston in June for discussion. . 

Realizing that much of the opposition to the electrification of trunk 
line railways is due to lack of detailed operative information, as well as 
figures of first cost of installation, a series of blanks have been prepared 
by a sub-committee which it is hoped may be filled up by the various 
important steam railways operating electrical sections so that there may 
be strictly comparative information at hand. , 

High-Tension Transmission Committee. —Every Section and Branch 
has held a special meeting on high-tension transmission work, and there 
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has been an extremely broad and general discussion of all active high- 
tension subjects. There is to be a regular Institute meeting at Schenec¬ 
tady in May, half of which will be devoted to high-tension transmission 
work, and a session will also be devoted to the subject at the xAnnual 
Convention at Boston in June. There has been a great deal of cor¬ 
respondence with different Sections and Branches, and in many cases 
speakers have been arranged for by the committee. 

Electric Lighting Committee.—The Electric Lighting Committee has 
obtained five papers during the year on electric lighting subjects. One 
of these -was presented at the Pacific Coast Meeting held in Portland, 
Oregon, in April, and the other four will be presented at the Institute’s 
Boston Convention in June. 

Industrial Power Committee.—The Industrial Power Committee 
organized in Pittsburgh, in connection with the Pittsburgh Section, a joint 
meeting with the Association of Iron and Steel Electrical Engineers. The 
meeting was held April 25—27, and 10 papers on various subjects relating to 
industrial power were presented. The committee has also obtained a 
number of papers for presentation at the Annual Convention. 

Telegraphy and Telephony Committee.—This committee has held one 
meeting during the year, and has carried on considerable correspondence. 
The committee has obtained a number of valuable papers dealing with 
telegraphy and telephony. Some of these were presented at the Pacific 
Coast Meeting in Portland, Oregon, in April, and others will be presented 
at the Annual Convention in Boston in June. 

Power Station Committee.—It was the intention of the Power Station 
Committee to have a meeting under its auspices at which would be 
presented a number of brief papers descriptive of the latest developments 
in the constituent parts of a typical large p'ower station. As the season 
advanced, however, it was found that the amount and variety of material 
offered made it unnecessary to set aside a meeting for this specific purpose 
but the main items were covered in other meetings during the year. ’ 

Electrochemical Committee.—At the beginning of the season the 
Electrochemical Committee endeavored to get a sufficient number of 
papers on electrochemical subjects to devote one of the regular monthly 
meetings of the Institute in New York to electrochemistry. It was not 
possible to obtain the papers in time for such a meeting, and the com¬ 
mittee therefore decided to postpone the presentation of the papers until 
the Annual Convention. The committee has succeeded in obtaining 
for the convention six papers, and a session will be devoted to the subject. 

Electrophysics Committee.—This new committee was created by the Board 
in recognition of the fact that Electrophysics has ceased to be solely science 
and has become an important practical factor in electrical engineering. It 
was appointed late in the year and therefore has not been able to accomplish 
as much as it might have done if appointed at the usual time. No meetings 
have been held during the few months that elapsed since the committee was 
appointed, but it has secured a number of papers on various subjects included 
within the field of electrophysics for the Boston Convention, and it is 
believed that next year’s committee on electrophysics will find it possible 
to secure a larger number of valuable papers on this subject; 

Educational Committee.—The Educational Committee was reorganized 
on account of the resignation of the original chairman and the appoint- 
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ment of his successor last October. At the first meeting thereafter, it 
was decided to take up the consideration and study of vocational and 
industrial education in the United States. The subject was divided into 
parts, as follows: 

A study of the present schools now established in which distinction 
is made between those maintained by industrial corporations for their 
own purposes, those maintained by public taxes, and those maintained 
by private benevolences; the second part, a study of the laws in existence 
for the establishment and maintenance of vocational schools; third, 
from the data gathered, the presentation of such elementary principles 
as appear from experience to be wise in the development of this particular 
form of education. 

The committee divided the country into several sections and members 
were assigned to sections for gathering data and information with regard 
to existent schools. A member of the committee was assigned for the 
project of gathering together all laws on vocational education at present 
existent in the United States. Much work has been done by the com¬ 
mittee as above outlined and arrangements have been made with the 
Meetings and Papers Committee to have the results presented at the 
Annual Convention. 

Editing Committee.—Since April 30, 1911, there have been edited and 
published 12 numbers of the Proceedings. The total number of 
pages contained in these Proceedings is 2,582. Of these, 404 pages have 
appeared in Section I, and 2,178 in Section II. Volume XXX of 
the Transactions, consisting of the papers and discussions presented 
during the calendar year 1911 and the report of the Board of Directors 
for the fiscal 3 ? , ear ending April 30, 1911, will be issued in three parts, 
and will contain about 2,700 pages, more than any previous volume of 
the Institute Transactions. With the third part still to be printed, the 
first two parts contain 1,742 pages, only six pages less than the whole of 
Volume XXIX. 

The reports and discussions submitted by the Sections and Branches, 
and the discussions presented at the regular Institute meetings, have been 
edited and published under the supervision of the Editing Committee. 

Standards Committee.—The Standards Committee has held monthly 
meetings in New York. It was voted that no new edition of the Standard- 
• ization Rules should be issued this year. A sub-committee was, however, 
appointed to collect material for a complete revision of the Rules. 

A post-card invitation was issued from the Institute office to all Mem¬ 
bers and Associates requesting that suggestions for amendments and modi¬ 
fications in the Rules should be forwarded to the secretary of the com¬ 
mittee, with a view of being included, if approved, at the next revision. 

A special sub-committee was also appointed to consider the modifi¬ 
cations in the Rules for the rating of machinery. 

The following subjects have occupied the attention of other special 
sub-committees during the year: electric cable terminology, definitions 
for the Committee on Code of Principles of Professional Conduct, co¬ 
operation with like comipittees of other societies, international copper 
resistivity standards, questions of international nomenclature and 
international rating. Action was taken on some of the above subjects, 
a c well as on others not included in the list. 
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Communications have been held with the Bureau of Standards, and 
also with the American Society for Testing Materials, in regard to the 
preparation of a new electrical table of copper wires. 

Communications have also been exchanged with the U. S. National 
Committee of the International Electrotechnical Commission. 

Code Committee.—The Code Committee held a meeting on March 12, 
1912, with representatives of the National Electric Light Association, the 
Association of Edison Illuminating Companies, and the National Inspec¬ 
tors Association, and concurred in a joint recommendation to the National 
Fire Protection Association in regard to the grounding of secondaries. 

On March 27, 1912, Mr. Farley Osgood, representing the A. I. E. E., 
attended the annual conference of the Electricity Committee of the 
National Fire Protection Association. Mr. Osgood’s report is printed 
in full in the May Proceedings. 

Law Committee.—The Law Committee, in its advisory, capacity, has 
during the year presented its views with reference to the provisions of 
the Constitution bearing upon actions of the Sections; the publication 
of the names of candidates for nomination, and the management of the 
library; also upon certain proposed amendments of the Constitution 
with reference to the appointment of the Secretary by the Board of 
Directors, and providing for an additional grade of membership. The 
committee has also presented its opinion, with reference to the Code of 
Principles of Professional Conduct. 

Under the Constitution, the Law Committee, being an advisory com¬ 
mittee, has undertaken no constructive work other than such as may 
be involved in the consideration of the subjects brought to its attention. 

Library Committee.—In accordance with Section 24 of the By-Laws 
of the Institute we beg leave to submit herewith our annual report for 
the year ending April 30, 1912, showing the state of the library and in¬ 
cluding the names of all donors to it. 

During the year a mezzanine floor with shelving capable of holding 
about 15,000 volumes has been erected at a cost of $6,196. The additional 
shelves have been filled with the books most frequently referred to; 
they are reached by a low staircase and the books are accessible to all 
readers. The appearance of the main room has been much improved by 
this addition and the efficiency of the service of the attendants has been 
increased thereby considerably. A number of additions have been made 
to the library furniture and a new system of illumination has been installed 
at a cost of $1,481. 

A system of compilation of references to engineering literature, by 
special search through the publications in the library, has been inaugurated, 
the searches being made by the regular library attendants. Since its inaugu¬ 
ration 181 such investigations have been made, most of them at the request 
of members residing outside of New York City. Duplicates of the related 
reports are kept on file and it has already been disclosed that several 
requests are likely to refer to the same subject matter. 

The subject card catalogue of the Schuyler Skaats Wheeler collection 
is practically completed, a few minor items remaining to be entered. 

The attendance has increased over the previous years, even though 
the main library room was closed for three months during the alterations 
and evening admission was prohibited during September, 1911.- 
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The joint library of the Founder Societies now contains 50,000 volumes, 
receives currently 650 periodicals, and has over 1100 sets of periodicals 
and transactions. The growth amounts to about 3000 volumes per an¬ 
num in all languages and this includes nearly all the worthy books issued 
in the restricted field which the library represents. 

Statistical information concerning the library and its use during the 
year, including a list of donors, is given in the following tables: 

Donors 

May 1, 1911—April 30, 1912 

ADAMS, E. .. 8 

ADAMSON, .. 2 

A. E. G. ZEITUNG. 1 

ALLGEMEINE ELEKTRICITAT . GESELLSCHAFT. 1 

AMERICAN ELECTRIC RAILWAY ASSOCIATION. 5 

AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS. 8 

AMERICAN SCHOOL OF CORRESPONDENCE. 5 

ARNOLD, BION J. 7 

BENEDICT, V. L... 3 

BERLINER ELECKTRICITATS WERKE. 1 

BLAKISTON’S SON & COMPANY. 1 

CALDWELL, EDWARD. 1 

CANADA. COMMISSION OF CONSERVATION.. 1 

CENTRAL STATION. 1 

* DAVID WILLIAMS COMPANY. 1 

DIXON CRUCIBLE COMPANY. 7 

IOWA ELECTRICAL ASSOCIATION.. 1 

IOWA ENGINEERING SOCIETY..... . 1 

ITALY. MINISTERIO DI AGRICOLTURA. 1 

KENNELLY, A. E. 2 

MACMILLAN COMPANY. 2 

MAILLOUX, C. 0. 63 

MARYLAND. PUBLIC SERVICE COMMISSION. 2 

MASSACHUSETTS GAS & ELECTRIC LIGHT COMPANY. . . .. 1 

MCGRAW PUBLISHING COMPANY. 1 

NATIONAL ELECTRIC LIGHT ASSOCIATION. 1 

NATIONAL FIRE PROTECTION ASSOCIATION. .. 1 

NATIONAL FIRE PROTECTION ASSOCIATION.. 1 

NEW ENGLAND WATER WORKS ASSOCIATION.. . 1 

NEW YORK STATE. DEPARTMENT OF LABOR.. . 4 

NEW YORK STATE LIBRARY.■ • • • 1 

ONTARIO. HYDROELECTRIC POWER COMPANY.... 1 

RUGBY ENGINEERING SOCIETY. 2 

SPON & CHAMBERLAIN. 2 

STONE & WEBSTER. 1 

U. S. DEPARTMENT OF AGRICULTURE. 1 

U. S. NATIONAL WATERWAYS COMMISSION. .. 1 

UNIVERSITY OF LONDON PRESS. 1 

UNIVERSITY OF MISSOURI. 1 , 
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VAN NOSTRAND, D. COMPANY. J 

VILLARS, .. 3 

WEAVER, W. .. 3 

DONOR UNKNOWN. 1 

OLD MATERIAL. 30 

191 


Exchanges.108 

Purchases and old material accessioned.191 

- 299 

Total accessions. 490 


The following tabulation gives the state of the accounts from which 
the Library Committee is entitled to draw. 

Donations (General Library Fund) 

Dr. Cr. 

Balance May 1, 1911.1264.52 

Interest May 1, 1912. 6.63 Unexpended.$271.15 

$271.15 $271.15 


Mailloux Endowment Fund ($1000) 

(Proceeds for the maintenance of certain sets of periodical publications) 

Balance May 1. 1911.$41.35 Expended. $7.80 

Interest.. 45.00 Unexpended. 78.55 

$86.35 $86.35 

International Electrical Congress of St. Louis, 1904, Fund 
(Proceeds available for the purchase of non-American international electrical literature) 


Invested in New York City 
Additions to the fund. 

bonds.. 

.. $2268.00 

63 60 

Total fund. 


SK9331 60 

Balance on hand May 1, 1911... 
Interest to Mav 1, 1912. 

. .$219.12 

90.00 U nexpended. 

.$309.12 


$309.12 

$309.12 


Weaver Donation 

(Available for the purchase of early electrical literature) 


Balance on hand May 1, 1911. ..... .$65.44 Expended.... .$58.75 

Unexpended.... .. .6.69 

$65.44 $65.44 
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Institute Appropriation Account 


Appropriation for the year. 54500.00 



Salary (one-third) of librarian, 
assistants, cataloguer and 
desk attendant May 1, 1911- 


April 30, 1912. $2700.00 

One-t’nird running expenses of 
library May 1, 1911 to April 

30, 1912. 257.98 

Books. 555.10 

Subscriptions.*.. . 02. SO 

Insurance.„. SS.21 

Binding. 181.42 

Miscellaneous. 2.25 


$3S47.S2 

Unexpended balance. 652,IS 


$4500.00 


STATISTICS OP LIBRARY MAY 1, 1912 


Source 

-"1 

Volumes j 

Pamphlets i 

Valuation 

Report of May 1, 1912. 

Purchase .■. 

15,293 i 

1S1 

267 

10 

1343 

10 

2 

20 

! $28,035.2S 

604.37 
569.50 
25.00 

Gifts and exchanges.. 

Old material accessioned. 

15,751 

1375 

1 $29,234.15 


In the following table are given the figures for the total valuation of 
the Library property: 

Books... 

Stacks... 

Furniture, catalogues, cases, etc __ 

$31,371.20 


$29,234.15 

1,761.05 

376.00 


LIBRARY ATTENDANCE 



Day 

Night 

Total 


mil 

S33 

! 

375 

1208 



637 

310 

947 


u 

610 

Closed 

610 

July, 

u 

550 

a 

550 


a 

60S 

a 

60S 

September, 

« . 

661 

252 

913 


« 

720 

283 

1003 


u , 4 . .. 

853 

287 

1140 

December, 


728 

; 298 

1026 

January, 


813 

! 273 

1086 

February, 


869 

326 

1195 

March, 

April, 

« 

719 

] 343 

1062 

, nr __ mil A -M 1Q19. ___ 

8601 

2747 

11,348 

iOtai may, .. 

Total May, 1910-April, 1911. 

7473 

3041 

10,514 


































2242 


REPORT OF BOARD OF DIRECTORS 


i May 21 


The income from the C. O. Mailloux Fund of S1000 has ay,am been 
used to maintain the four important periodical sets which were originally 
presented to the library by Mr. Mailloux. 

Respectfully submitted, 

FREDERICK HhDK!,!, 

Morgan Brooks 
Albert P. Manx 
Otis Allen Kenyon 
Samuel Sheldon, chairman , 
Library t 'am niitlec » 

Public Policy Committee. —One of the first acts of the Board was to create 
a Public Policy Committee to which could be referred the increasing number 
of important issues affecting the Institute’s public relations. 

On November 10, 1911, the Board referred to this committee an in¬ 
vitation to the Institute from the National Waterways Commission of 
the U. S. Congress, to take part in a hearing at Washington, I). C. on 
November 21, 1911. 

A sub-committee of the Public Policy Committee consisting of President 
Gano Dunn and Mr. H. W. Buck prepared a preliminary report of its 
views on the development of water powers, which draft was modified 
by the Public Policy Committee and its Advisory Members to conform 
to and represent their joint opinion. President Dunn and Messrs. H. 
G. Stott, chairman, Calvert Townley, Lewis B. Still well, and John IL 
Finney, members of the committee, represented the Institute at the hear ¬ 
ing in Washington. The brief presented by the Institute delegation 
and a report of the hearing were published in the December, 1911, Pro¬ 
ceedings. 

The Institute representatives were given the first hearing on the after¬ 
noon of November 21 and the entire morning of November 22, and through 
them the thanks of Chairman Burton and other members of the Commis¬ 
sion were transmitted to the Institute for the. information given in the 
printed brief and for its representation at the hearing. 

Patent Committee. —The Patent Committee was appointed but re¬ 
cently and is not yet prepared to make a final report. Thus far the work 
of the committee has been accomplished by correspondence between the 
chairman and the members of the committee. Four members of the 
committee acted as conferees at an important conference on patent matters 
held in Washington on April 15 and 10 at the call of the Patent Law As¬ 
sociation of Washington. 

This committee was established by the Board of Directors as a result of 
the initiative of the St. Louis Section in urging improvements in the patent 
laws of the United States. 

Code of Principles of Professional Conduct, . Originally this com¬ 

mittee was known as the Committee on a Code of Ethics. Its ap¬ 
pointment was the result of a discussion at the Milwaukee Convention, 
held in May 1906, following the presidential address of Dr. Schuyler 
Skaats Wheeler, on “ Engineering Honor,” It was the sense of tint con¬ 
vention at that time that the ideas expressed in Dr. Wheeler's address 
should . be embodied in a code of ethics for the electrical engineering 
profession. A code was prepared and discussed at the Niagara Pails 
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Convention held in June 1907. Later in the same year the code was 
revised, printed and submitted to the membership for suggestions. 

No further action was taken on the code until June 1911, when in 
accordance with a resolution of the Board of Directors, President Jackson 
appointed a committee to take up the question. The committee was 
reappointed by President Dunn the following August on his accession 
to office. 

This committee’s work was presented in a report to the Board of 
Directors on February 9, 1912, when a code of principles was tentatively 
adopted. After a month’s careful analysis and consideration of numer¬ 
ous suggestions from the advisory members of the committee and others 
the present code as printed in the April Proceedings was adopted at 
the meeting of the Board of Directors on March 8, 1912. 

The name of the committee was changed on February 9, 1912, to the 
Committee on Code of Principles of Professional Conduct. 

The committee is now considering suggestions which have been sub¬ 
mitted to it since the adoption of the code. 

Relations of Consulting Engineers. —The Committee on Relations 
of Consulting Engineers has considered at its several meetings the matters 
referred to it, also the proper procedure and general scope of its -work. 
The committee expects to be able to formulate its recommendations after 
further conferences with the representatives of other societies and of the 


various interests concerned. 

United States National Committee of International Electrochemical 
Commission. —The president and secretary of the Committee, with 
President Dunn of the Institute, attended the meeting of the I. E. C. 
at Turin (September 7-13, 1911) as delegates from the United States. 
A provisional report of the meeting was submitted by the secretary of 
the committee to the Institute’s Board of Directors, in October, and was 
published, by their direction, in the November issue of the Proceedings, 
Vol. XXX, No. 11, pages 2437-2448. . 

A brief official resume of the Turin meeting, in French and English, 
was printed and issued by the central office of the I. E. C.. in London, 
in November, 1911, marked Publication 12. 

At that meeting the U. S. National Committee communicated, through 
President Dunn, to the I. E. C., a cordial invitation from the American 
Institute of Electrical Engineers to hold a meeting in San Francisco m 


1915. This proposal was formally adopted. 

Under the instructions of the Board of Directors, the last edition of 
the Standardization Rules, issued by the Institute this year, contains a 
brief resume of the decisions of the Turin meeting, .and also a slightly 
abridged copy of the Central Office’s publication No. 9, on Rating of 
Electrical Machinery,” being extracts from the rules of various countries 

At the Turin meeting the I. E. C. appointed three international special 
committees on the subjects of “ Nomenclature, ym o s, an 
ing of Machinery, ” respectively, to report at the next plenary m 


The United States Committee endeavored to have delegates attend 
meetings of the two latter special committees. After some delays, Pr 
dent C. O. Mailloux left New York on April 24, to attend, as U. . 
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gate, the meeting of the “Committee on Rating of Machinery" at Paris, 

set for May 8. 

The committee has secured from the Treasury Department at Washing¬ 
ton an order that all official reports of the I. E. C. may be admitted free 
of duty into the United States, as scientific publications, under paragraph 
517 of the Tariff Act. 

The committee has held monthly meetings in New York City. It has 
carried on a considerable amount of correspondence with the Central 
Office and of communication with the Standards Committee. 

International Electrical Congress, San Francisco, 1915.—The project 
of holding an International Electrical Congress during the Panama Exposi¬ 
tion at San Francisco in 1915, first took shape in the Spring of 1911 when 
a group of Pacific Coast members organized and sent Mr. H. A. Lardner 
as a delegate to bring it to the attention of the Institute officers in New 
York. This matter was first brought to the attention of the Board at 
the June, 1911, meeting, at which a committee was appointed to consider 
the matter. Upon the recommendation of this committee the Board 
adopted resolutions in August, 1911, to the effect that the Institute 
should initiate and organize such a congress under the authority of 
the International Electrotechnical Commission. The desired authority 
was granted by the latter body at its meeting in Turin in September, 1911. 

The following officers of the Committee on Organization of the Congress 
have been appointed by the President: Dr. Charles P. Steinmetz, Presi¬ 
dent; Dr. A. E. Kennelly, Vice-President in Charge of Program; Air. 
C. O. Alailloux, Vice-President in Charge of International Relations; 
Air. W. D. "Weaver, Vice-President in Charge of Organization; Mr. 
Henry A. Lardner, Vice-President in Charge of Pacific Coast Relations; 
Dr. E. B. Rosa, Secretary; Air. Preston S. Millar, Treasurer and Busi¬ 
ness Alanager. 

John Fritz Medal.— The John Fritz Aledal for 1911 was awarded to 
Sir William Henry White, for “notable achievements in naval archi¬ 
tecture. ” The presentation was made at a dinner of the Society of 
Naval Architects and Alarine Engineers at the Waldorf-Astoria Hotel, 
New York, on Friday evening, November 17, 1911. The attendance 
included representatives of the principal engineering societies of the United 
States. 

Edison Medal.— The Edison Medal Committee, at its meeting held 
on November 20, 1911, selected from the names of the candidates sub¬ 
mitted for consideration in accordance with its by-laws, the name of 
George Westmghouse, to be voted upon in December following. 

At the meeting of the committee on December 15, 1911, a vote taken 
m “ co ^ ance with its by-laws resulted in the award of the Edison Medal 
to Mr. George Westmghouse, “ for meritorious achievement in connection 
with the development of the alternating-current system for light and 
power. _ The presentation of the medal is to be made at the Annual 
Convention to be held in Boston in June. 

Indexing Transactions Committee.-The Indexing Transactions Com¬ 
mittee has had prepared during the year synopses of all papers presented 
before the Institute up to and including the year 1910, and index cards 
have been prepared covering, in detail, the contents of these papers 
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The papers and cards have been largely classified and samples of typo¬ 
graphical arrangement have been obtained. The entire index will be 
ready for the printer this coming summer and should appear in the fall. 
There will be two parts to the index; one part covering papers up to 
and including 1900, and the second part, papers from 1901 to 1910 inclu¬ 
sive. The index for the year 1911 will appear in the volume for that year. 

Additional Grade of Membership.—The Additional Grade of Member¬ 
ship Committee (originally appointed under the name of the Inter¬ 
mediate Grade of Membership Committee) has considered during the 
present administration the data collected by the committees of previous 
years, and, after further investigation and discussion, prepared a draft 
of amendments to the constitution for consideration by the Board of 
Directors at its December meeting. This report was then revised in the 
light of criticisms and suggestions obtained from members of the Board 
and others, and resubmitted at the January meeting of the Board. At 
this meeting, the last draft with slight modification was unanimously 
adopted by the Board and recommended for submission to the membership 
as a constitutional amendment. 

The final form of the report was of the nature of a compromise between 
the rather widely varying views of the committee arrived at by vote at 
numerous meetings held. The substance of the amendments has been so 
fully set forth in various explanatory statements published in the 
Proceedings that no further explanation is here required. The duties 
of the committee, with the exception of assisting in expounding the amend¬ 
ments for the benefit of the membership, were practically completed with 
the acceptance of the amendments at the Board s January meeting. 

Board of Examiners.—The Board of Examiners has held 10 meetings 
during the year. It has considered and recommended for action by the 
Board of Directors a total of 1616 applications of all classes. A summary 
of these applications is as follows: 


Recommended for election as Associates. 

Not recommended for election as Associates... 

Recommended for transfer to the grade of Member.... 
Not recommended for transfer to the grade of Member. 
Transfer applications considered but held for additional 

information.. 

Recommended for enrolment as students. 

Total. 


808 

2 

60 

25 


7 

714 

1616 


In addition to applications for admission and transfer, the Board has 
considered and reported upon a number of questions that have been 
submitted to it by the Board of Directors during the year. 

Membership.—A circular letter was mailed to each member of the 
Institute on November 28, 1911, asking for names of desirable candidates 
for admission to membership. The co-operation of Section officers was 
also enlisted. As a result, over 1,200 names were received at Institute 
headquarters. Each of these candidates was communicated with 
promptly and supplied with literature relating to the Institute and the 

advantages of membership. . 

The total number of applications received during the year is 1,025. 
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A complete report showing the total membership, the additions and 
deductions, and the net increase for the year is given below. 


Hon. 

Mem. 

Mem. 

i Assoc. 

Total 

Membership, April 30. 1911. 

1 

! 689 

6,427 

7,117 

Additions: 




i 

Honorary Members 

4 




New Associates. 



i 855 


Transferred.. 

1 

49 



Reinstated. 


1 

27 


Deductions: 

i 




Died.. 

.. i 1 

3 

29 


Resigned. 


6 

150 


Dropped. 


5 

351 


Transferred. 


1 

49 


Membership, April 30, 1912. 

. ! 5 ! 

724 

6,730 

7,459 


Net increase during the year in membership.342 

Deaths. —The following deaths have occurred during the year: 

Honorary Member.—Antonio Pacinotti. 

Members.—Caryl D. Haskins, E. W. Mix, W. D. Sargent. 

Associates.—E. H. Anderson, Edwin H. Bennett, E. H. Berry, D. E. 
Black, E. B. Boor, W. R. Brixey, Lon D. Caldwell, F. T. Clarke, C. C. 
Cokefair, E. Copley, F. S. Davenport, I. T. Dyer, H. W. Fellows, J. B. 
Fleming, L. A. Freudenberg, W. C. Getz, H. L. Hart, Junzo Itoh, W. S. 
Johnson, E. M. Kenly, M. McIntyre, O. C. Poste, Roger P. Stebbins, 
H. H. Sykes, R. H. Thomas, E. G. Tracy, R. A. Turner, G. A. Wilson, 
Chas. I. Young. 

Total deaths, 33. 

Resignations. —Resigned during the year in good standing: Mem¬ 
bers, 6; Associates, 150; total 156. 

Delinquents —Dropped as delinquent during the year, 356. 

Finance Committee. —The following correspondence and financial 
statements form a complete summary of the work of the Finance Commit- 
tee for the year. 


Board of Directors, New York, May 14, 1912. 

American Institute of Electrical Engineers. 

Gentlemen-. Your Finance Committee respectfully submits the fol¬ 
lowing report for the year ending April 30, 1912. 

During the past year the committee has held monthly meetings, 
has passed upon the expenditures of the Institute for various purposes, 
and otherwise performed the duties prescribed for it in the Constitution 
and By-laws. Peirce, Struss and Company, chartered accountants, 
have audited the Institute books and their certification of the Institute 
finances follows. 

In company with your Secretary and a member of the firm of chartered 
accountants the committee has examined the securities held by the 
Institute and find them to be as stated in the accountants’ report. 

In accordance with the authority of the Board an investment from the 

to S P 15 ooonn 5 ° f the , In "w-f* Was made during the past year amounting 
to *15,000.00 par value Wilmington City 4i per cent registered bonds. 
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The expenditures of the Institute during the past year have been con¬ 
siderably increased due to the constantly broadening scope and activity 
of the organization, and particularly due to the increased amount of 
technical material published in the Proceedings and Transactions 
resulting from the extension of the policy inaugurated a few years ago 
of holding Institute meetings in various parts of the country. Not¬ 
withstanding the increased budget of expenditures made necessary 
by reason of these extended activities, it is gratifying to note that the 


accompanying increase in 
for the fiscal year. 


income has resulted in a comfortable surplus 
Respectfully submitted, 


A. W. Berresford 


Chairman, Finance Committee. 


Mr. A. W. Berresford, New York, May 10, 1912. 

Chairman Finance Committee. 

Dear Sir; In accordance with your instructions, we have audited the 
books and accounts of the American Institute of Electrical Engineers 
for the year ended April 30th, 1912. 

The results of this examination are presented in four exhibits, attached 
hereto, as follows: 

Exhibit U A” Balance Sheet, April 30th, 1912. 

Exhibit “B” Receipts and Disbursements for general purposes for 
year ended April 30th, 1912. 

Exhibit U C” Receipts and Donations for designated purposes, also 
expenditures for year ended April 30th, 1912. 

Exhibit U D” Condensed Cash Statement. 

We beg to present, attached hereto, our certificate to the aforesaid 


exhibits. 


Yours very truly, 


(Signed) Peirce, Struss & Co. 


Certified Public Accountants. 


Mr. A. W. Berresford, New York, May 10, 1912. 

Chairman Finance Committee. 

Dear Sir: Having audited the books and accounts of the American 
Institute of Electrical Engineers for the year ended April 30, 1912, we 
hereby certify that the accompanying Balance Sheet is a true exhibit 
of its financial condition as of April 30th, 1912, and that the accompanying 
statements of Cash Receipts and Disbursements are correct. 

(Signed) Peirce, Struss & Co. 

Certified Public Accountants . 
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AMERICAN INSTITUTE. OF 

Balance Sheet, 


Exhibit A 


Assets 


Cash : 

Land, Building and Endowment Fund. 

Genera* Library Fund. 

Life .Membership Fund. 

General Cash in Bank. 

Mailloux Fund, Interest. 

Weaver Donation. 

International Electrical Congress of St. Louis Library Fund, 


interest 


$5,307.53 
271.15 
4,827.28 


9,277.02 

78.55 

6.69 


372.72 


10,405.96 


Total Cash deposit. 9,734.98 

Secretary’s Petty Cash on hand. 750.00 

- 10,484.98 

Land, Building and Endowment Fund, accrued interest. 55.28 

General Library Fund, accrued interest. 2.82 

MaillouxFund, accrued interest. 22.50 

International Electrical Congress of St. Louis Library Fund, 

accrued interest. 45.00 

Life Membership Fund, accrued interest. 40.00 

- 165.60 

Mailloux Fund, principal (Bond)... 1,000.00 

International Electrical Congress of St. Louis Library Fund, 

X. Y, Cit-v 4 l c c Bonds, due 1917. 2,268.00 

New York City 4§Fc Gold Bonds, due 1957, par. 30,000.00 

Premium on X. Y. Gold Bonds. 1,952.50 

Chicago, Burlington & Quincy 4% Bonds, due 1958 (par 

value $15,000). 14,606 25 

City of Wilmington, Del. 4J% Bonds, due 1934.. 15,000.00 

Premium on City of Wilmington, Del. Bonds. 997.50 

Westinghouse Elec. & Mfg. Co’s stock. 50.00 62,606.25 


Equity in Engineering Societies Building (25 to 33 West 39th 


Street). 353,346.61 

One-third cost of land (25 to 33 West 39th Street). 180,000.00 

- 533,346.61 

Library Volumes and Fixtures. 30,905.78 

Transactions. 9,008.50 

Office Furniture and Fixtures. 7,915.64 

Works of Art, Paintings, etc... 2,656.35 

Badges. 463.35 

-- 50,949.62 


Accounts ' Receivable: 

Members for current dues. 

Members for past dues, suspense account 

Members for entrance fees. 

Special..... 

Miscellaneous.. 

Advertising... 

Accrued interest on bonds. 

Accrued interest on bank balance. 


Total, 

$683,035.68 


240.00 

8,132.00 

115.00 

76.32 

265.65 

2,016.25 

831.25 

132.19 

-. 11,808.66 
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Liabilities and Surplus 

Funds: 

Land, Building and Endowment Fund. 

General Library Fund. 

Life Membership Fund. 

Mailloux Fund. 

International Electrical Congress of St. Louis Library Fund: 

Bonds. 

Cash on deposit. 

Accrued interest. 


$5,362.81 

273.97 

4,867.28 

1,101.05 

2,268.00 

372.72 

45.00 


$14,290.83 


Reserve for Furniture and Fixtures. 

Accounts Payable, subject to approval by the Finance Com¬ 
mittee. 

United Engineering Society (for cost of land).• 


2,946.39 

6,984.68 

54,000.00 


Total Liabilities. 


78,221.90 


Surplus: 

In Cash. 

New York City Bonds. 

C. B. & Q. Bonds. 

City of Wilmington, Del. Bonds- 

In property and accounts receivable. 


9,277.02 

31.952.50 
14,606.25 

15.997.50 
532,980.51 


604,813.78 



Total Liabilities and surplus. 


$683,035.68 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Receipts and Disbursements for General Purposes for Year 
Ended April 30, 1912 

Exhibit B 


Entrance Fees. 

Receipts 
- 4,303.00 

Current Dues. 


66,879.00 

Past Dues.... 


4,102.50 

Advance Dues. 


450.00 

Students Dues. 


4,113.00 

Transfer Fees. 


500.00 

Badges. 


1,740.00 

Sales, Tran sac: 

dons 


etc. 


1,347.43 

Subscriptions, 
ceedings... . 

Pro- 

2,084.50 

Advertising. . , 


9,513,41 

Binding. 


138.00 

Exchange. 


19.31 

Interest: 

Bonds.... 


2,625.00 

Bank Balance 

597.48 


$82,087.50 


13,102.65 


3,222.48 





Disbursements 


Stationery and 

Printing. 4,425.85 

Postage. 2,849.85 

General Expense.. . 2,582.27 

Meeting Expense.. 5.034.21 

Section Meetings.. 9,271.33 

Badges purchased. 1,643.72 

Salaries. 11,821.00 

Indexing Transac¬ 
tions. 822.20 

Interest on Mort¬ 
gage. 2,160.00 

Office Furniture 
and Fixtures.... 981.04 

Adver. Expense_ 3,339.41 

Year Book and 

Catalogue. 2,896.86 

Express. 220.87 

Interest refunded,. 71.25 

Proceedings: 

Printing. 7,934.32 

Paper and Enve¬ 
lopes. 6,002.84 

Engraving. 1,663.34 

Binding and 

Mailing. 4,137.31 

Salaries. 4,084.00 


Transactions: 

Vol. 29. 8,135.76 

Vol. 30. 4,413.03 


Library (including salaries) 
United Engineering Society 
Assessments for office space 

Total. 

Excess of Receipts over Dis¬ 
bursements. 


$48,119.86 


23,821.81 

12,548.79 

3,847.82 

4,500.00 

$92,838.28 

5,574.35 

$98,412.63 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Receipts and Donations for Designated Purposes, also Expendi 
tures for Year Ended April 30, 1912 

Exhibit C 

Receipts 

Land, Building and Endowment Fund, Donations, Interest, etc. 316.1 

General Library Fund, Interest... 

Compounded Membership Fund.: • • •;. ................ 5U4.^ 

International Electrical Congress of St. Louis, Library Fund, Donations 

and interest. 108 

Mailloux Fund, interest. ■*5.uu 

Certificate of Deposit. 1,000.00 


Expenditures 

Mailloux Fund. 

Life Membership Fund. 

City of Wilmington, Del. Bonds and interest- 

Weaver Donation. 

Special Library Account. 


7.80 

420.00 

16.0S7.50 

58.75 

76.32 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 

Condensed Cash Statement 

Exhibit D 

Cash on deposit April 30, 1911. |29 *?tn'nn 

Secretary’s Petty Cash, April 30, 1911. _ t0Q QQn 


Receipts for general purposes, Exhibit “ B .... . 98 » 41 ? * no 

Receipts for designated purposes, Exhibit C ..i.buo.uo 


$29,990.93 


Disbursements for general purposes, Exhibit “ B ”... ?f,838.28 

Expenditures for designated purposes, Exhibit C . lo.bou. a/ 


Balance on hand April 30, 1912-- . . . ... .. ... -. 

On deposit for designated purposes, Exhibit A . a 

* On deposit in General cash. Exhibit “A ’. 9, Z cn nn 

Secretary’s Petty Cash, Exhibit “ A ”.. 750. OU 

Property acquired during the year, Office Furniture and 

Fixtures. 981,04 

* This includes the following unexpended balances: 

Mailloux Fund. * 8 * 

Weaver Donation... . . 

Int. Elec. Congress of St. Louis Library Fund. 61Z.1Z 


RECEIPTS AND DISBURSEMENTS PER YEAR PER MEMBER 
During each fiscal year for the past seven years. 

Year . 1906 1907 1908 1909 1910 1911 1912 

Membership, April 30, each year.. 3870 4521 5674 6400 6681 7117 745Q 

Receipts per Member. $12.77 $12.21 $13.01 $13.21 $13.35 13.37 $13.19 

Disbursements per Member. 10.48 11.62 11.73 10.4 9 12.03 11.03 12.44 

Credit Balance per Member.... $2.29 $.59 $1.28 $2.72 $1.32 $2.34 $.75 

Respectfully submitted for the Board of Directors, 

F. L. HUTCHINSON, Secretary 


New York, May 21, 1912. 
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rived at by a careful study of all the papers contributed since the organi¬ 
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method, since it is created by sorting the papers themselves into groups 
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hensive information on any given topic, while the subject index is intended 
for those looking up specific and definite data or information. 


MAIN SECTIONS OF SYNOPTICAL INDEX 


Page 

1 - Education. 3 

2 . General Theory. 3 

3. Measurements and Instruments. 4 

4. Dielectric Phenomena. 9 

5. Electric Conductors. 11 

6 . Magnetic Properties and Testing of Iron. '12 

7. Batteries. 13 

S. Transformers. 13 

9. Electrical Machinery and Apparatus. 14 

10. Prime Movers and Steam Boilers. 18 

11. Power Plants. 19 

12. Parallel Operation. 22 

13. Transmission Lines. 22 

14. Electric Service Disturbances and Protection. 26 

15. Distribution Systems.. 29 

16. Control, Regulation and Switching. 30 

17. Traction. 33 

IS. Lighting and,Lamps. 34 

19. Electricity in the Army and Navy. 36 

20 . Miscellaneous Applications of Electricity. 37 

21 . Telephony and Telegraphy. ... 39 

22. Miscellaneous Topics and Institute Affairs. 41 
























1. EDUCATION 


INDUSTRIAL EDUCATION 
Preliminary Report by the Educational Committee 

Vol. xxxi—1912, pp. 1309-1347 

Part I. Introduction. Comparison of American and European laborers. 
Outline of purpose of the investigation, suggesting a classification of 
industrial schools and mentioning conditions desirable in the organ¬ 
ization of such schools. 

Part II. Provision by law for vocational training in the United States, 
being a survey of the educational enactments of the various states, that 
of Massachusetts being given in detail. 

Part III. Description of typical vocational and industrial schools, 
conducted by the Government, private individuals, electric corporations 
and railroads, giving many statistics in tabular form covering the char¬ 
acter of the students and the courses. 

Discussion , pages 1348-1366, by Messrs. Henry G. Stott, J. P. Jackson, 
A. L. Willis ton, Albert L. Rohrer, W. S. Franklin, Henry H. Norris, 
J- W. L. Hale, W. I. Slichter, William McClellan, Professor Diemer, 
Comfort A. Adams, F. C. Caldwell, M. J. McGowan, Jr., W. G. Ray¬ 
mond and Harry Barker. Need of industrial education from economical 
and humanistic standpoints. Data on the Bridgeport Industrial School. 
Functions of corporation schools. Use of existing industrial equipment 
for educational purposes. Plan of Fitchburg co-operative school system. 
Definition of professional work. Application of natural selection vs. 
artificial selection in education. Defects in modern educational sys¬ 
tems. Basis of organization of Land Grant Colleges. 

2. GENERAL THEORY 

ELECTROLYTIC CORROSION OF IRON BY DIRECT CURRENT IN STREET SOIL 
Albert F. Ganz Vol. xxx i— 1912 , pp. 1167-1176 

Experimental investigation of the relative corrosion of different kinds , 
of iron in two typical street soils. Comparison of actual electrolytic 
corrosion with that calculated by Faraday’s law. 

Discussion, pages 1177-11.78, by Messrs. Carl Hering, Edward B. 
Rosa, Irving Langmuir, C. H. Sharp and Albert F. Ganz. Corrosion 
of iron in cinders. Voltage of electrolytic corrosion of iron. 

SIMPLIFICATION OF ELECTROTHERMAL CALCULATIONS, THE WATT AND 

THERMAL OHM 

Carl Hering Vol. xxxi—1912, pp. 1191-1201 

Advantages of absolute systems of units. Energy factors in heat' 
transmission and selection of units for measuring such factors. Factors 
for converting the new units into those already in use. 
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Discussion , pages 1202-1.205, by Messrs. H. B. Gale, Carl llermg, 
Alfred H. Cowles. Definitions of factors of heat energy. 

VACUA 

W. R. Whitney Vol. xxxi—1912, pj). 1207-1216 

Improvement of vacuum by condensing vapors. Blackening of in¬ 
side of vacuum tubes and lamp bulbs. Edison effect. Crookes radio¬ 
meter for measuring pressure in a vacuum, Effect of temperature on 
life of vacuum lamps. 

Discussion , page 1217, By Messrs. W. R. Whitney and Alfred i{, 
Cowles. Gases held within glass containers. 

THE CONVECTION AND CONDUCTION OF HEAT IN GASES 
Irving Langmuir Vol. xxxi -1912, pj>. 1229 -1240 

Method of calculating heat dissipation from straight wires, freely 
suspended in gas, based on author’s theory of equivalent conduction 
through film of gas. Application of method to Kennedy's experiments. 

Discussion , including that of paper by W. I). Coolidge on "Metallic 
Tungsten and Some of its Applications,” pages 121 M212, by Messrs 
C. M. Green, William J. Hammer, Curl Hering, W. 1), Coolidge, 11. M. 
Hobart and Irving Langmuir. Plating tungsten. Relation of external 
temperature to temperature rise of electrical machinery. 

THE VIBRATIONS OF TELEPHONE DIAPHRAGMS 
Charles F. Meyer and J. B. Whitehead Vol. xxxi 1912, pj», 1397-1418 

Experimental study of vibrations of telephone receivers and trans¬ 
mitters at different frequencies and currents. Relation between fre¬ 
quency, current and amplitude of vibration, shown graphically. Re¬ 
sonance curves, curves for receiver and transmitter, 

Discussion , pages 14ULM2X, by Messrs, George 1 ). Shepanlsim, 
George W. Pierce, Alan E, Flowers, A, K. Kemielly, John B. Taylor, 
John B. Whitehead, Frank Wenner and (.'hades F, Meyer, Effect of 
temperature on vibration of telephone diaphragms, Variation of in 
duet an ee ami resistance of telephone transmitters and receivers when 
vibrating. 


3. MEASUREMENT AND INSTRUMENTS 

MEASUREMENTS OF VOLTAGE AND CURRENT OVER A LONG ARTIFICIAL 
POWER-TRANSMISSION LINE AT 25 AND fio CYCLES PER SECOND 
A. E. Kennolly and F. W. Lieberknocht Vol. xxxi 1912, up 1131 1183 

Design tuid construction ot an artificial tr.iustnii.sion line, \ I * *t■ 1 1 *.. i -. 
of measuring e.m.f. and current distribution in artificial equivalent m 
very long transmission line. Results of test, giving space distribution 
of current and e.m.f. both as to magnitude and phase. Results in 
tabular, and curve form. Appendix --Method of measuring line ini- 
pedanee. 

-- Discussion , pages HiH-lltm, by Messrs. Charles \\ Steinmete, |..|m 
Price Jackson, Charles P. Scott, John B. Taylor and A. IS. Kemivllv. 
Praise of experimental investigation. 
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SIMPLIFICATION OF ELECTROTHERMAL CALCULATIONS, THE WATT AND 

THERMAL OHM 

Carl Hering Vol. xxxi —1912, pp. 1191-1201 

Advantages of absolute systems of units. Energy factors in heat 
transmission and selection of units for measuring such factors. Factors 
for converting the new units into those already in use. 

Discussion , pages 1202-1205, by Messrs. H. B. Gale, Carl Hering, 
Alfred H. Cowles. Definitions of factors of heat energy. 

CHARACTERISTICS AND APPLICATIONS OF VIBRATION GALVANOMETERS 
Frank Wenner Vol . ari- 1912 , pp. 1243-1254 

Mathematical analysis of the performance and design characteristics 
of the vibration galvanometer. Equations expressing the interrelations 
of the various design constants. 

Discussion, pages 1255-1256, by Messrs. Jefferson E. Kershner, Frank 
Wenner, W. H. Pratt, R. A. Gray, Albert P. Ganz, George F. Sever, 
N. Monroe Hopkins, John D. Ball and M. G. Lloyd. 

MEASURING STRAY CURRENTS IN UNDERGROUND PIPES 
Carl Hermg Vol. xxxi—1912, pp. 1449-1463 

Description and theory of several methods of measuring the current 
into or out of an underground pipe. 

Discussion, pages 1464-1482, by Messrs. Albert F. Ganz, Edwin F. 
Northrup, George F. Sever, Edward B. Rosa, Alexander Maxwell, 
Frank Wenner, Clayton H. Sharp and Carl Hering. Description of 
numerous methods of measuring current and resistance of underground 
pipes or similar circuits. Haber’s earth ammeter. 

A TUBULAR ELECTRODYNAMOMETER FOR HEAVY CURRENTS 
P. G. Agnew Vol. xxx p_ 1912j pjK 1433-1488 

Theory, construction and performance of the instrument. 

Discussion, incorporated with the paper by Edwin F. Northrup on 
To Measure an Alternating-Current Resistance and Compare it with 
the Direct-Current Resistance—Electro-dynamometer Method.” 

MEASUREMENT OF ALTERNATING CURRENT OF LOW VALUE 
M. G. Newman Vol. xxx i__i 912> pp . 1489-1499 

Use of separately excited electrodynamometer as ammeter. Experi¬ 
mental studies of errors involved when using this instrument for measur¬ 
ing exciting current of telephone transformer, exciting current in silicon 
steel iron-loss test specimen and condenser charging current. 

Discussion , incorporated with that of paper by Edwin F. Northrup 
on “To Measure an Alternating-Current Resistance and Compare it 
with the Direct-Current Resistance—Electro-dynamometer Method.” 

TO MEASURE AN ALTERNATING-CURRENT RESISTANCE AND COMPARE IT 
WITH -THE DIRECT-CURRENT RESISTANCE—ELECTRO-DYNAMOMETER 

METHOD 

Edwin F. Northrup Vol. xxx i_i 9 i 2> pp> 1501-1510 

Theory and method of execution of very refined method of a.c. resis¬ 
tance measurement. 

Discussion, including that of papers by P. G. Agnew on “A Tubular 
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Electrodynamometer for Heavy Currents" and M. Wwman * Meas- 
urement of Alternating Current of Low Value," pages 1,11 I j;, i;,, 
Messrs. W. H. Pratt, J. D. Ball, Frank Wenner, M.' f J,, v d. IXvMr 
Reed, A. L. Ellis, Edward B. Rosa, L. T. RoLinsnn and J*. tAet.vw. 
Relative advantages of various instruments for nmasmvni* m? , V erv 
large and very small currents. Some churn elerisf ies of (p,. \ V; ,*o r t -t 
dynamometer, the portable dynamometer, watt meter. 5 le mfJ „ 

ammeter and the tubular dynamometer. 

ELECTRICAL MEASUREMENTS WITH SPECIAL REFERENCE TO LAM! TESTING 
Evan J. Edwards Vol. xxxi 1012, pp, 1517-1023 

Accuracy attained in commercial lamp testing, !>e-;eriprion M f lad 
oratory standard a.e. voltmeter. 

Discussion , incorporated with that of paper bv T, If, Antrim- oi “h? 
candescent Lamps as Resistances." 

INCANDESCENT LAMPS AS RESISTANCES 
T. H. Amrine Vol. xxxi 1012, jij>, 1525 1601 

Resistance and resistance-temperature eharaet.eristies of vanon eo«y* 
mercial, carbon, tantalum and tungsten filaments, I•s,. ,a' r 0 | !r i o, 
bridge. ‘ ' ’ 1 

Discussion, including that of payer by Kvan J. Bd vards on “Id* : 
trical Measurements with Special Reference to Lamp *I‘e e sna, 1 * aa >r , 
1532-1535, by Messrs. Clayton 1L Sharp, A. E, Kemmtlv, \1. d | V.7,/ 
Paul MacGahan, T. H. Amrine, ami Evan J. lidwanls. I . u i lbrv* f! 
indicator in lamp testing. The tungsten lamp as a resistor tor 4 
tact making voltmeter. 

ELECTRICAL TRANSMISSION OF ELECTRICAL MEASUREMENTS 

J ‘ BhSS V< > 1 xxxi 10ia, pp. 1557 1640 

Arrangement of standard meters for transmission of waft met m- ir ■ , ? 
mgs to a distance. " r 

Discussion incorporated with that of paper bv (\ 11, lumdl on yvbr 

. -...s 

METERING LARGE DIRECT-CURRENT INSTALLATIONS 
F. V. Magalhaes ,, , 

v«l. xxxi 1011 , 184M844 

Brief discussion of various methods of wall hour ...Hit .. 

WI^T NT’ 8eVCml smu,,cr n "'"' r,; mrii , iuilndliial 

loads, shunt type watt-hour meter. 

Discussion incorporated with that of priiict* liv (' II t, 

.. «■■"■■■ •< 

*«.„ °* B ”“ M wm ‘ T«*»sni»mn«s 

PA:, . , , VoLx»* t 19ta.itjil948.J880 

...... . 

'!• -«. 

Watt-Hour Meters.” Mulh • J,, IV,;h ">' '-W ... 
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WHEATSTONE BRIDGE-ROTATING STANDARD METHOD OF TESTING LARGE 
CAPACITY WATT-HOUR METERS 

C. H. Ingalls and J. W. Cowles Vol. xzxi-1.12, pp. 1551-1557 

Use of special differential galvanometer on the usual rotating standard. 
Iheory and method of use. 

Discussion including that of papers by 0. J. Bliss on “Electrical Trans¬ 
mission ot Electrical Measurements;” F. B. Magalhaes on “Metering 
Barge Direct-Current Installations;” Alexander Maxwell on “Measure¬ 
ment of Energy with Instrument Transformers;” pages 1558-1563, bv 
Messrs William J. Mowbray, E. P. Fox, J. R. Craighead, F. V. Magal- 
haes, W H. Pratt, L. T. Robinson, T. W. Varley, C. H. Ingalls, Albert 
Ganz, Alexander Maxwell, Paul MacGahan, Elmer L. Kyle and John 
Gilmartin. 

General remarks on commercial electrical measurements. Use of 
shunt with watt-hour meters. 


Paul MacGahan 


INDUCTION TYPE INDICATING INSTRUMENTS 

Vol. xxxi—1912, pp. 1565-1577 


Discourse on the advantages inherent to the induction type instrument. 
Torque equation and performance curves for ammeters and voltmeters. 

Discussion incorporated with that of paper by W. H. Pratt and D. R. 
Price on Resonant Circuit Frequency Indicator.” 


COMPENSATING WATTMETERS 

A. L. Ellis Vol. xxxi—1912, pp. 1579-1590 

Outline of requirements of wattmeter for the measurement of small 
values of alternating-current power at low power-factors. Description 
of improved method of compensation and results of tests comparing new 
instrument with older type compensated in ordinary way. 

Discussion incorporated with that of paper by W. H. Pratt and D R 
Price on "Resonant Circuit Frequency Indicator.” 


HOT-WIRE INSTRUMENTS 

A. W. Pierce and M. E. Tressler Vol . xxxi-1912, pp. 1591-1593 

Field of application for hot-wire instruments. Accuracy tests. 
Discussion incorporated with that of paper by W. H. Pratt and D. R. 
Pierce on Resonant Circuit Frequency Indicator.” 


RESONANT CIRCUIT FREQUENCY 
W. H. Pratt and D. R. Price 


INDICATOR 

Vol. xxxi—1912, pp. 1595-1598 


Theory of instrument. Design of reactance for precision work. 

Discussion , including that of papers by Paul MacGahan on “Induction 
Type Indicating Instruments;" A. L. Ellis on “Compensating Watt¬ 
meters;” and Messrs. A. W. Pierce and M. E. Tressler on “Hot-Wire 
Instruments,” pages 1599-1608, by Messrs. F. P. Cox, W. H. Pratt, 
Albert F. Ganz, A. W. Pierce, F. V. Magalhaes, William J. Mowbray,’ 
Paul M. Lincoln, F. H. Bowman, N. Monroe Hopkins, Paul MacGahan, 
W. H. Pratt, A. W. Pierce, and John Gilmartin. 

Advantages and disadvantages of induction and hot-wire type instru¬ 
ments. Advantages of light moving system. Use of power-factor 
meter fo** frequency indicator. 
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PERMEABILITY MEASUREMENTS WITH ALTERNATING CURRENT 
L. T. Robinson and J. D. Ball Vol. xxxi—1912, pp, 1609-1615 

Study of general relations between maximum flux density, maximum 
exciting current and magnetizing current. 

Discussion incorporated with that of paper by C. II. Sharp and F. M. 
Farmer on “Measurements of Maximum Values in High-Voltage Testing.” 

MEASUREMENTS OF MAXIMUM VALUES IN HIGH-VOLTAGE TESTING 
C. H. Sharp and F. M. Farmer Vol. xxxi—1912, pp. 1617-1622 

Use of electrostatic voltmeter with synchronous reversing commutator 
across one section of a series of condensers. Introduction of the term 
“peak-factor.” 

Discussion , including that of paper by L. T. Robinson and j. D. Hall 
on “Permeability Measurements with Alternating Current;,” pages 
1623-1626, by Messrs. E. D. Doyle, M. (t. Lloyd, Clayton 11. Sharp, 
T. W. Varley, L. T. Robinson and Elilm Thomson, Leakage loss with 
electrostatic voltmeter. Limitations in the use of alternating current 
for permeability measurements. Comments on “peak-factor.” 

POTENTIAL TRANSFORMER TESTING 

J. R. Craighead Vol. xxxi 1912, pp. 1627 1633 

Analysis of errors resulting from resistance of the detector circuit 
when making ratio and phase angle test by the balance method. 

Discussion incorporated with that of paper by Ik (!. Agnew and P, 
B. Silsbee on “The Testing of Instrument Transformers," 

THE TESTING OF INSTRUMENT TRANSFORMERS 
P. G. Agnew and F. B. Silsbee Vol. xxxi 1912, pp. 1635-1636 

Bureau of Standards modification of potentiometer or balance method 
of testing shunt and series instrument transformers. 

Discussion including that of paper by j, R. Craighead on “Potential 
Transformer Testing,” pages 1.639-1644, Relative merits of vibration 
galvanometer and reversing key as detector in balance method of to .t 
mg instrument transformers. 

DETERMINATION OF POWER EFFICIENCY OF ROTATING ELECTRIC MACHINES 
E. M. Olin Vol. xxxi 1912, pp, 1696 1716 

Detailed analysis of the summation of losses method as applied t«» 
the various types of rotary electric machinery. Methods of determin 
ing the various losses and tabulated results of numerous tests on all classes 
of machines discussed. Correction factors for load losses that can not 
be separated, are tabulated for different types of machines operating at dif¬ 
ferent loads. Disadvantages of input-output method and actual rmit 
parison of this method with summation of losses method. 

Discussion pages 1719-1720, by C. M. (Green, R, G, Lamme and 1C 
M. Olin. 

HIGH-FREQUENCY TESTS OF LINE INSULATORS 
L. E. Imlay and Percy H. Thomas Vol. xxxi 1912, pp, 2121-1142 

Account of method of testing line insulators with higlcfrerfutmey, 
high potential e.m.f. to determine their behavior under lighting stresses. 
Discussion of the design of insulators for lighting stresses, ('onipar 
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ative test on electrose and porcelain. Suggested outline for future in¬ 
vestigation along the same line. 

Discussion , incorporated with that of paper by P. W. Sothman on 
“Comparative Tests of High-Tension Suspension Insulators.” 

COMPARATIVE TESTS ON HIGH-TENSION SUSPENSION INSULATORS 
P. W. Sothman Vol. xxxi—1912, pp. 2143-2168 

Account of experimental study of various types of line insulators to 
determine the specifications to be adopted by the Ontario Power Com¬ 
pany in equipping a 110,000-volt line. Description of tests and sum¬ 
mary of results. 

Discussion including that of paper by L. E. Imlay and Percy H. Thomas 
on “High-Frequency Tests of Line Insulators.” pages 2169-2226, by 
Ralph D. Mershon, Paul M. Lincoln, F. W. Peek, Jr., A. O. Austin, F. 
M. Farmer, Ralph W. Pope, E. E. F. Creighton, H. Winfield Secor, 

E. S. Lincoln, Ford W. Harris, Charles Rufus Harte, Edward Bennett, 

F. F. Brand, Max H. Collbohm, P. W. Sothman, L. E. Imlay, P. H. 
Thomas and R. F. Hayward. Analysis of e.m.f. distribution and string 
ratio in strings of suspension insulators. Effect of high-frequency stresses 
on insulators. Nature of high-frequency stresses. Points to be ob¬ 
served in testing insulators and outline of standard specification for 
tests. Properties of glass insulators for very high-tension work. 


4. DIELECTRIC PHENOMENA 

ELECTRICAL CHARACTERISTICS OF THE SUSPENSION INSULATOR 
F. XT, Peek, Jr. Vol. xxxi—1912, pp. 907-930 

Experimental investigation of the operative characteristics of sus¬ 
pension insulators connected in series. Development of equations for 
calculations of the arc-over e.m.f. The string efficiency, the e.m.f. 
distribution and the capacity of strings of suspension insulators of var¬ 
ious types. Comparison of theoretical results with actual tests. 

Discussion , including that of papers by Messrs. E. E. F. Creighton and 
F. R. Shavor on “Compression Chamber Lightning Arrester and the 
Protection of Distribution Circuits;” E. E. F. Creighton,, H. E. Nichols 
and P. E. Hosegood on “Human Accuracy; Multi-Recorder for Light¬ 
ning Phenomena and Switching;” E. E. F. Creighton, F. R. Shavor and 
R. P. Clark on “Studies of Protection and Protective Apparatus for Elec¬ 
tric Railways” and J. H. Cunningham and C. M. Davis on “Propag¬ 
ation of Impulses over Transmission Line” and T. A. Worcester on 
“Some Mechanical Considerations of Transmission Systems,” pages 
951-954, by Messrs. E. M. Hewlett, Paul M. Lincoln, R. J. McClelland, 
C. Edward Magnusson, Andrew McNaughton, Harris J. Ryan, R. P. 
Jackson, Charles P. Steinmetz, Charles F. Scott, R. Philip Clark, Cas¬ 
sius M. Davis, T. A. Worcester, and F. W. Peek, Jr. Method of cal¬ 
culating the e.m.f. distribution in a string of suspension insulators. 
Comparison of test data with results calculated by the Peek formulas. 
Effect of ground wire on strength of transmission structure. Inherent 
self-protective characteristics of a.c. railway circuits. Care of aluminum 
d.c. arrester. 
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CORONA LOSSES BETWEEN WIRES AT HIGH VOLTAGES 
C. Francis Harding Vol. xxxi 1912, pp. 1038-1060 

Account of experimental investigation on a. transmission line at. Pur 
due University. Comparison of experimental results with formulas 
of various investigators. Results plotted as curves. 

Discussion , incorporated with that of paper by J. B. Whitehead on 
“The Electric Strength of Air.” 

THE LAW OF CORONA AND THE DIELECTRIC STRENGTH OF AIR 
F. W. Peek, Jr. Vol. xxxi 1912, pp. 1081-1092 

Summary of equations and laws of corona covering previous and 
present investigations. 'Pests of effect, of temperature, frequency* spac¬ 
ing, wire diameter, water, oil, etc. upon corona phenomena.. Also tests 
and calculations of disruptive energy <>f air. Relation between power 
loss and surface gradient. Stroboscopic examination of corona, Me¬ 
chanical vibration of electrified lines. 

Discussion incorporated with that of paper by j. it. Whitehead on 
“The Electric Strength of Air.” 

THE ELECTRIC STRENGTH OF AIR 

J. B. Whitehead Vol. xxxi 1912, pp, 1093 1118 

Experimental study of physical laws underlying the phenomena 
attendant upon tin* breakdown of air under electric stresses, being an 
important contribution to the ionization theory of corona. Effect nf 
subdivision of conductors upon corona. 

Discussion , including that of papers by (\ Francis Harding on ”t Mrona 
Losses Between Wires at High Voltages'* and F, W. Peek, Jr. ott ”Tbe 
Law of Corona and the Dielectric Strength nf Air,” pages !il!MU!t!, 
by Messrs. John B. Taylor, A. E. Kennedy, C. I*. Stein met/., C, Francis 
Harding, F. W. Peek, Jr,, J. B. Whitehead and A. S. bang* d<a i. Cten 
oral remarks on corona. Comparison <*1" tests on actual line with cal 
eulated results for corona loss and crit ical gradient., (Miser vet I vibration 
or swinging of high-tension lines. 

MEASUREMENTS OF MAXIMUM VALUES IN HIGH-VOLTAGE TESTING 
C. H. Sharp and F. M. Farmer Vol. xxxi 1912, pp. 1617 1622 

Use of electrostatic voltmeter wilh synchronous reversing commutator 
across one section of a scries of condensers. Introduction of the term 
“peak-factor.” 

Discussion , including that of paper by L, T. Robinson and j, D. Ball 
on “ Permeability Measurements with Alternating Currentpages I Gif? 
1()26, by Messrs. E. I). Doyle, M. CL Lloyd, Clayton IL Sharp, T. W, 
Varlcy, L. T. Robinson and Elihti Thomson. Leakage hiss with clem 
trostatie voltmeter. Limitations in the use of alternating current for 
permeability measurements. Comments on “penk-faetor.” 

HIGH-FREQUENCY TESTS OF LINE INSULATORS 
L. E. Imlay and Percy H. Thomas Vol. xxxi 1912, pp, 2121-9142 

Account of method of testing line insulators with high fivqumwv, 
high potential e.m.f. to determine their behavior under lightning stresse 
Discussion of the design of insulators for lightning stresses. Coni 
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parative test on electrose and porcelain. Suggested outline for future 
investigation along the same line. 

Discussion, incorporated with that of paper by P. W. Sothman on 
"'Comparative Tests of High-Tension Suspension Insulators.” 

COMPARATIVE TESTS ON HIGH-TENSION SUSPENSION INSULATORS 
P. W. Sothman Vol. xxxi _ 1912) pp . 2 U3-2168 

Account of experimental study of various types of line insulators to 
determine the specifications to be adopted by the Ontario Power Com¬ 
pany in equipping a 110,000-volt line. Description of tests and sum¬ 
mary of results. 

Discussion including that of paper by L. E. Imlay and Percy H. 
Thomas on “High-Frequency Tests of Line Insulators.” pages 2169- 
2226 by Ralph D. Mershon, Paul M. Lincoln, F. W. Peek, Jr., A. 0. 
Austin, F. M. Farmer, Ralph W. Pope, E. E. F. Creighton, H. Winfield 
vSecor, E. S. Lincoln, Ford W. Harris, Charles Rufus Harte, Edward 
Bennett, F. F. Brand, Max H. Collbohm, P. W. Sothman, L. E. Imlay, 
P. H. Thomas and R. F. Hayward. Analysis of e.m.f. distribution and 
string ratio in strings of suspension insulators. Effect of high-fre¬ 
quency stresses on insulators. Nature of high-frequency stresses. 
Points to be observed in testing insulators and outline of standard spec¬ 
ification for tests. Properties of glass insulators for very high-tension 
work. 


5. ELECTRIC CONDUCTORS 

NOTES ON UNDERGROUND CONDUITS AND CABLES 
C. T. Mosman Vol. xxxi—1912, pp. 755-781 

Exhaustive experimental investigation of a certain underground con¬ 
duit single conductor alternating current installation to determine the 
temperature distribution in the conduit ducts and cables under various 
conddions of ventilation and load. Results plotted in the form of curves. 

Discussion, pp. 782-809, by Messrs. A. E. Kennelly, L. L. Elden, 
William L. Puffer, William Clark, E. N. Lake, G. A. Burnham, David 
Harrington, George W. Palmer, Jr., Philip Torchio, C. T. Mosman, 
and R. W. Atkinson. Generalization of author’s results. Results of 
other tests on the heating and carrying capacity of underground cables. 
Practice of, various central stations in underground cable opera¬ 
tion. Ventilation of conduits. Observed sheath currents, e.m.fs. and 
losses. Calculation of induced current and e.m.f. in lead sheath of 
single conductor cables. 


LOCALIZERS, SUPPRESSORS, AND EXPERIMENTS 
E. E. F. Creighton and J. T. Whittlesey Vol. xxxi—1912, pp. 1881-1910 

Experimental study of effect of grounding upon e. m. fs. in three phase 
system, followed by oscillographic tests made to determine the applica- 
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bliity of localizers and arcing ground surpressors to the distribution sys¬ 
tems of the Public Service Electric Company of New Jersey. Detailed 
discussion of oscillograms of current and e.m.f. in the system under 
various grounding conditions. Charts of insulation resistance of system 
of underground and overhead conductors under various weather condi- 


Diseitssion , incorporated with that of paper by L. L. Elden on “ Relay 
Protective Systems.’* 


6. MAGNETIC PROPERTIES AND TESTING OF IRON 


PERMEABILITY MEASUREMENTS WITH ALTERNATING CURRENT 
L. T. Robinson and J. D. Ball Vol. xxxi—1912, pp. 1609-1615 

Study of general relations between maximum flux density, maximum 
exciting current and magnetizing current. 

Discussion incorporated with that of paper by C. H. Sharp and F. M. 
Farmer on £i Measurements of Maximum Values in High-Voltage Test¬ 
ing.” 


MEASUREMENTS OF MAXIMUM VALUES IN HIGH-VOLTAGE TESTING 
C. H. Sharp and F. M. Farmer Vol. xxxi—1912, pp. 1617-1622 

Use oi electrostatic voltmeter with synchronous reversing commutator 
across one section of a series of condensers. Introduction of the term 
“ peak-factor.” 

Discussion , including that of paper by L. T. Robinson and J. D. Ball * 
on “Permeability Measurements with Alternating. Current,” pages 
1623-1626, by Messrs. E. D. Doyle, M. G. Lloyd, Clayton H. Sharp, 
T. V. Parley, L. T. Robinson and Elihu Thomson. Leakage loss with 
electrostatic voltmeter. Limitations in the use of alternating current 
for permeability measurements. Comments on " peak-factor.” 


THE EFFECT OF TEMPERATURE UPON 
Malcolm MacLaren 


THE HYSTERESIS LOSS IN SHEET STEEL 
Vol. xxxi—1912, pp. 2025-2035 


Experimental investigation of the rate, of heating upon hysteresis 
losses and permeability of iron. Hysteresis loops obtained at non- 
magnetic temperature. 


Discussion . pp. 2036-2049 by Messrs. Philip Torchio, L. W Chubb 
C. A. Adams David B. Rushmore, W. M. McConahey; Charles F.’ 
MM olm M f obart ’ V. Ayres, W. S. Moody, Ralph D. Mershou, 

MacLare *' V L ‘ Waters ’ and M ' G - Lloyd. Construction 
and electrical constants for external reactance built for 20 000-kw cen 

erator of New York Edison Company. Relation between relative me- 
chamea 1 strength under short circuit and the size of a transformer. 

isad\ antages of transformers and alternators designed to have hisrh 
reactance References -and results from investigations made by va£S 

other m 
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7. BATTERIES 


Putnam A. Bates 


ELECTRICITY ON THE FARM 

Vol. xxxi—1912, pp. 1985-2003 


Review of the present state of the art of applying electricity in agri- 
cu tural undertakings. Specific data from irrigated farms, stock, farms 
and others, covering central station and isolated plant practise. Power 
requirements of such enterprises and rates changed by central stations 
use of storage batteries. 


Discussion , pp. 2004-2013 by Messrs. J. D. Merrifield, L. L. Elden 
Putnam A. Bates, J. A. Moyer, Sanford, and Adolph Shane. 


8. TRANSFORMERS 


SOME FEATURES OF THE OUTDOOR ELECTRICAL INSTALLATION 
F. C. Green Vol. XX2i — 1912 , pp. 323-327 

. description of the requirements of apparatus for outdoor substa¬ 
tions. List of transformers now in operation. Data on moisture con- 
tamed m air, effect of heat on insulation strength of oil, etc. 

No discussion. 


MEASUREMENT OF ENERGY WITH 
Alexander Maxwell 


INSTRUMENT TRANSFORMERS 

Vol. xxxi—1912, pp. 1545-1550 


Effect of ratio and phase angle upon the accuracy of watt-hour meters 
under various load conditions. 


Discussion incorporated with that of paper by C. H. Ingalls on “ Wheat¬ 
stone Bridge-Rotating Standard Method of Testing Large Capacity 
Watt-hour Meters. 


POTENTIAL TRANSFORMER TESTING 

J. R. Craighead Vol. xxx i_ 1 9 12> pp . 1627-1633 

Analysis of errors resulting from resistance of the detector circuit when 
making ratio and phase angle test by the balance method. 

# Discussion incorporated with that of paper by P. G. Agnew and F. B. 
Silsbee on “ The Testing of Instrument Transformers.” 

THE TESTING OF INSTRUMENT TRANSFORMERS 
P. G. Agnew and F. B. Silsbee Vol. xxxi-1912, PP . 1635-1638 

Bureau of Standards modification of potentiometer or balance method 
of testing shunt and series instrument transformers. 

^ Discussion including that of paper by J. R. Craighead on “ Potential 
transformer Testing,” pages 1639-1644. Relative merits of vibration 
galvanometer and reversing key as detector in balance method of testing 
instrument transformers. 

THE USE OF REACTANCE IN TRANSFORMERS 
W. S. Moody Vol. xxxi—1912, pp. 2015-2023 

Analytical discussion of transformer design with reference to the pro¬ 
duction of high internal reactance. Description of magnetic shunt 
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method of transformer construction. Effect of high internal rca« 
on mechanical stresses. 

Discussion , incorporated with that of paper by Malcolm Mat 
on “ The Effect of Temperature Upon the Hysteresis Loss in Slice! ! 


9. ELECTRIC MACHINERY AND APPARATUS 


OPERATION OF TWO ALTERNATING-CURRENT STATIONS THROUGH 
PARALLEL CIRCUITS, AND THE DISTRIBUTION OF LOAD 
AND WATTLESS CURRENTS BETWEEN THEM 
J. W. Welsh Vo!, xxxi 1012, j)p. 449 *457 

General analytical discussion of parallel operation of alternators ami 
alternating current stations. Division of load and current under various 
conditions of connecting circuits and of speed and voltage adjustment, 
Vector diagrams illustrating effect of different conditions upon magnitude 
and phase; of currents and e.m.fs. 

Discussion , pages 458-470, by Messrs. Waldo V. Lyon, 11. V. Hall, 
Gano Dunn, P. M. Downing, W. A. Hillebrnnd, Lester MeKenneyi 
J, W. Welsh, R. Howes, b\ R. Brainanl and A. S. MeAUist»*r. Division 
of load between alternators and alternating current slat ions. Effect, 
of adjustment of excitation. Design of transmission line for intercon¬ 
nection of: station to be operated in parallel to give maximum sviiehrnn 
ixing power. 

AIR GAP FLUX DISTRIBUTION IN DIRECT-CURRENT MACHINES 
Charles R. Moore Vol. xxxi 1912, 509 425 


I >ivisioi| 

IClftvl 


Account of experiments made on a ,1. «. machine in develop i4 „ 
curate and rational method of calculating a full load tins disirilmiion 
y om l ’ esi ffR data. Description of test. appa,ratus and method Discus 
sum of results. Development of method of calculating permeance 
m.m.I. and flux tor both full and no load condition'; 

Dixnstioti, i»,,. SaCcf,2S by 11. Weiehsel. KfiVci ,'.f armature tins on 
flux distribution. 


Carl J. Fechheiiner 


SELF-STARTING SYNCHRONOUS MOTORS 


Vo!, xxxi ' .1912, j>p, 529-585 


Analytical and experimental study of the starting eharaeleri 'lie- of 
.synchronous motors with revolving Held ;; true lure. Discussion of eff vt- 
, y ;tn,HUS fauUir » «l»rn starting characteristics at stand,till 
dumiK acceleration. Results of tests plotted as curves to determine'the 
quantitative effect <>i various operating and design factors upon thesfariine 
and accelerating characteristics. Starting diaracteristies of various 
types of load, such as tans, centrifugal pumps, motor-generator sets etc 
Mathematical predetermination of the starting characteristics „l sviiehrnn 
ous motors. Appendix giving mathematical development of f, .rmulc 
Ihi-ciiMtou, pp. .586-604, by Messrs. R. B. Williamson, F. I). Newlmrv 
IL M. Gass,nan, A. M. Dudley. W. j. Foster, B. (1. Umme, Frum-is iV 
Crocker, C. I. btemmete, Bradley T. McCormick and C. J. Feel,!,rimer.' 
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General remarks on design of synchronous motors for favorable starting 
.. aracteristics. Explanation of half-speed running of synchronous 
motors. 


DIRECT-CURRENT AND ALTERNATING-CURRENT MILL MOTORS FOR 
AUXILIARY DRIVES 

Brent Wiley Vol. xxxi—1912, pp. 605-618 

. Anal y tlcal discussion of the design requirements of d. c. and a. c. motors 
tor steel mill service. Characteristics of series and compound d. c. motors 
and induction motors with wound secondary. 

Discussion, pp. 619-626, by Messrs. Alexander C. Lanier, M. A. Whiting, 
R. B. Treat, Gano Dunn, F. R. Fishback, A. G. Ahrens and Brent Wiley 
General remarks on choice of motor for steel mill auxiliaries; a. c. vs. 
d. c. motors. Method of rating motors for intermittent service. 

EEECTRIC BRAKING OF INDUCTION MOTORS 
H. C. Specht Vol. xxx ;— 1912 , pp. 627-640 


Theoretical, mathematical analysis of induction motor performance 
with a. c. and d. c. braking. Development of equations for design of 
such systems. 


Discussion, pp. 641-643, by Messrs. H. E. White, H. F. Stratton, Gano 
Dunn, John C. Reed, Clark S. Lankton and H. C. Specht. Advantages 
of electric braking of d. c. motors. 


electrification of a reversing mill of the algoma steel company 

Bradley T. McCormick Vol. xxxi-1912, pp. 645-652 

Description of flywheel motor-generator set and equipment for re¬ 
versing mill plant giving general design data for the generators, motors 
controllers, etc. 

Discussion , pp. 653-658, by Messrs. David Hall, B. T. McCormick, 
Wilfred Sykes, R. A. Black, H. C. Specht. R. B. Treat and H. W. Cheney.’ 
Effect upon inertia of dividing units. European practice in rolling mill 
drives. Time required to reverse Algoma mill, test. 


THE OPERATION OF A LARGE ELECTRICALLY DRIVEN REVERSING ROLLING 

MILL 


Wilfred Sykes 


Vol. xxxi—1912, pp. 659-681 


General description of electrically driven universal mill of the Illinois 
Steel Company. . Detailed description of the flywheel motor-generator 
plant and controlling equipment with design data, performance character¬ 
istics and test results. Power required to operate mill and load character- 
istics. 


Discussion , pp. 682-684, by Messrs. R. A.-Black, H. C. Specht, R. 
Tschentscher, James Farrington, Bradley T. McCormick and E. Fried- 
laender. Relative economy of two-high and three-high rolling mills. 


ELECTRICAL CONTROL OF A LARGE MINE HOIST 
H. W. Cheney Vol. x^—1912, pp> 685-699 

General description of induction motor hoist in No. 5 mine of the 
Woodward Iron Company, Birmingham, Alabama. Detailed descrip¬ 
tion of design and performance of water rheostat. Experimental data 
for rational design of water rheostats. 
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Discussion , pp. 700-70S, by H. M. Gassman, W. 0. Oschmann, H. E 
White, Wilfred Sykes, F. L. Stone, E. Friedlaender, H. W. Cheney and 
M. A. Whiting. Data on the design of water rheostats; general remarks 

and experience in their operation. 

FREQUENCY 

D. B. Rushmore Vol. xxxi—1912, pp. 956-972 

Comprehensive review of the quantitative relations between frequency 
and the operative characteristics of electrical apparatus and distribution 
circuits showing the difficulty of fixing a universal standard frequency 
for commercial circuits. The effect of frequencies upon the design and 
operation of electrical sj^stems as to cost and satisfactory service. Table 
of frequencies used in various typical systems covering central stations, 
railways and many industrial plants. 

Discussion , pp. 975-984, by Messrs. Samuel Sheldofi, John J. Frank, 
B. G. Lamme, G. H. Stiekney, W. J. Foster, H. R. Summerhayes, Charles 
F. Scott, N. J. Neall, J. R. Worth and E. A. Lof. Effect of frequency 
upon the design and operation of transformers. Historical rdsumd of 
commercial practice in the choice of frequency and discussion of the 
reasons therefor. Performance of lamps on low frequency. Method of 
choosing between 25 and 60 cycles in generator design. 

THE TRANSIENTTREACTIONS OF ALTERNATORS 
William A. Durgin and R. H. Whitehead Vol. xxxi—1912, pp. 1657-1680 

Demonstration of the existence of transient impedance in alternators 
and experimental study of its effect upon the performance of large turbo¬ 
generators under short-circuit .conditions, alone and connected in parallel 
with others to a distribution system; also its influence upon cross currents 
in paralleling such generators. Tests showing the effects of external 
reactance and resistance on short-circuit currents and resulting torques. 
Results plotted as curves. 

Discussion, including that of paper by A. B. Field on “ Operating 
Characteristics of Large Turbo-Generators,” pp. 1681-1693, by Messrs. 
H. M. Hobart, B. G. Lamme, P. M. Lincoln, Henry G. Reist, Comfort A. 
Adams, A. B. Field, Sanford A. Moss, H. R. Woodrow, W. L. Walters, 
and William A. Durgin. Relative advantages of external and self-con¬ 
tained blowers for cooling of turbo-alternators. Desirability of cleaning 
air for cooling purposes. Use of dampers to prevent potential rise in 
the field circuit caused by short circuits. Value of maximum torques 
under short circuits. Value of external resistance in protecting turbo¬ 
alternators. 


DETERMINATION OF POWER EFFICIENCY OF ROTATING ELECTRIC MACHINES 
E. M. Olin Vol. xxxi—1912, pp. 1696-1718 


Detailed analysis of the summation-of-losses method as applied to the 
various types of rotary electric machinery. Methods of determining 
the various losses and tabulated results of numerous tests on all classes 
of machines discussed. Correction factors for load losses that can not 
be separated are tabulated for different types of machines operating at 
different loads. Disadvantages of input-out-put method and actual com¬ 
parison of this method with summation-of-losses method. 
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Discussion pp. 1719-1720, by C. M. Green, B. G. Lamme and E. M. 
Olin. 

THE SQUIRREL-CAGE INDUCTION GENERATOR 
H. M. Hobart and E. Knowlton Vol. xxxi—-1912, pp. 1721-1747 

Analytical discussion of the design of induction generators for operation 
at very high speeds and in large units. Some results of studies made on 
induction generators in the Interborough Rapid Transit Power House. 
Comparison of the design, operation and economic features of synchronous 
and induction generators. 

Discussion , incorporated with that of paper by P. M. Lincoln on 
“ Motor Starting Currents as Affecting Large Transmission Systems.” 

SINGLE-PHASE INDUCTION MOTORS 

W. J. Branson Vol. xxxi—1912, pp. 1749-1787 

Development of complete vector analysis of single-phase induction 
motors applicable even to the smallest commercial sizes. ' Method 
compared with actual tests. Formulas for secondary no-load current 
as reflected in the primary, for the construction of the current circle and 
for the speed of single-phase induction motors developed from the trans¬ 
former theory. 

Discussion , incorporated with that of paper by P. M. Lincoln on 
" Motor Starting Currents as Affecting large Transmission Systems.” 

MOTOR STARTING CURRENTS AS AFFECTING LARGE TRANSMISSION 

SYSTEMS 

P. M. Lincoln Vol. xxxi—1912, pp. 1789-1800 

Reason for limiting the size of motors connected to a given system. 
Account of extensive investigation of starting, conditions found in a certain 
system where a number of cotton mills are connected to a transmission 
net work. Recording wattmeter records on mills and transmission line. 
Starting data on different types and sizes of induction motors. 

Discussion , including that of paper by H. M. Hobart and E. Knowlton 
on “ The Squirrel Cage Induction Generator ” and W. J. Branson on 
“ Single-Phase Induction Motors,” pp. 1801-1810, by Lee Hagood, 
Comfort A. Adams, E. F. W. Alexanderson, Lester McKenney, H. M. 
Hobart, E. Knowlton and W. L. Waters. Use of synchronous condenser 
in connection with a system fed by induction generators and synchronous 
generators, operating in parallel. General remarks on calculation of 
core losses and eddy currents in induction generators. 

DEVELOPMENT OF A SUCCESSFUL DIRECT-CURRENT 2000-KW. UNIPOLAR 

GENERATOR 

B. G. Lamme yol. xxxi— 1912 , pp. 1811-1835 

Account of the experiences obtained and difficulties overcome in the 
practical development of a large unipolar machine. Description of origi¬ 
nal construction and subsequent modifications giving reasons therefore. 
Overcoming of troubles incident to current collection, ventilation and 
nsulation with very high speed operation in an extremely dirty atmos¬ 
phere. 

Discussion , pp. 1836-1840 by Messrs. J. E. Noeggerath, Elihu Thomson, 
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and W. L. Waters. Comparison of another solution of a similar problem 
with that described in the paper. Very early experience in the design 
of unipolar machines. 


EXCITATION OF ALTERNATING-CURRENT GENERATORS 
D. B. Rushmore Vol. mi-1911, pp. 1841-1876 


Excitation requirements of alternators and characteristics of various 
types of exciters. Brief description of different methods of alternator 
excitation and voltage regulation. Circuit diagrams and principles of 
operation of various types of voltage regulators, including the booster 
system, and systems developed by Tirrill, Thury and Chapman. Choice 
of exciter arrangements together with collection of circuit diagrams, show¬ 
ing typical arrangements used in modern practice. 

Discussion , pp. 1877-1880 by Messrs. B. G. Lamme, H. M. Hobart, 
J. Lester Woodbridge, E. A. Lof, and Lester McKenney. General re¬ 
marks on the choice of excitation system. 


THE ECONOMICAL SPEED CONTROL OF ALTERNATING-CURRENT MOTORS 
DRIVING ROLLING MILLS 

F. W. Meyer and Wilfred Sykes Vol. xxxi-1912, pp. 2067-2095 

Classification of speed requirements of rolling mills followed by analy¬ 
tical discussion'of various methods of induction motor control including 
rheostatic, multi-winding, cascade and regulating machines of various 
types with special reference to the last named. Late developments m the 
use of frequency changers as regulating machines, three-phase commutator 
motors for direct drive. 

Discussion, including that of paper by Wilfred Sykes on “ Power Re¬ 
quirements of Rolling Mills ”pp. 2096-2120 by Messrs. John M. Hippie, J. 
H. Wilson, Selby Haar, Edward J. Cheney, Bayse N. Westcott, David M. 
Petty, Fred Bickford Crosby, L. T. Robinson, H. L. Barnholdt, G. E. 
Stoltz, Wilfred Sykes and Ford W. Harris. General remarks and ex¬ 
perience in the choice of motor equipments for rolling mill drives. Method 
of testing steam driven mills relative merits of different methods of speed 
control. Notes on recording instruments for tests. 


10. PRIME MOVERS AND STEAM BOILERS 

PLANT EFFICIENCY 

An Analysis of the Losses of a Hydroelectric System. 

J. D. Ross Vol. xxxi-1912, pp. 471-484 

Description, of plant and analytical discussion of the losses in the gener¬ 
ating and distributing system of the Seattle Municipal Light and Power 
Company. Efficiency-load characteristics and losses of different elements 
of the hydraulic and electric systems. Tables and curves. 

Discussion , pp. 485-490, by Messrs. Gano Dunn, J. D. Ross, S. J. Lis- 
berger, R. Howes, J. B. Fisken, L. F. Harza, 0. B. Coldwell, and H. Y. 
Hall. Efficiency of Pelton wheels. Importance of plant efficiency. 



SYNOPTICAL INDEX 


19 


I 


OPERATING CHARACTERISTICS OF LARGE TURBO-GENERATORS 
„ ” Vol. xxxi—1912, pp. 1645-1656 

A. B. Field 

Trend of modern practice in the choice of size, speed, ventilation and 
regulation of large turbo-generators. Benefits derived from allowing 

P °^^Srporated with that of paper by William A. Durgin and 
R. H. Whitehead on “ The Transient Reactions of Alternators. 

THE RUNAWAY SPEED OF WATERWHEELS AND ITS EFFECT ON CON¬ 
NECTED ROTARY MACHINERY 

Daniel W. Mead »■ 1937 - 1968 

Elementary principles for turbine governing followed by brief review 
of the hydraulics of impulse and reaction wheels with special reference 
to the determination of the runaway speed. Practical example of ca- 
eulation. Fundamental data given for various commercial types of 
impulse and reaction wheels. 

No discussion. 


11. POWER PLANTS 

SOME NOTES ON ISOLATED PLANTS 
„ Vol. xxxi—1912, pp. 15-45 

Percival R. Moses 

Brief analytical discussion of the interdependence of the various factors 
in the design of isolated plants for the production and utihzation of 
energy for heating, lighting, refrigeration, driving machinery, etc Actual 
load requirements in different types of plants, together with costs, equip¬ 
ment used, log sheets and load curves. Cost of electric energy produc¬ 
tion in different types of isolated plants. _ _ . Arthur 

Discussion, pp. 46-68, by Messrs. R. P. Bolton, Jo m . ’ 

Williams, George W. Martin, Charles K. Nichols, John W. Lieb, J ;• 

S. N. Clarkson and Clarence P. Fowler. Criticism and defense of author . 
figures and methods of analysis. 

CENTRAL STATION ELECTRIC POWER FOR RAILROAD OPERATION 

Vol. xxxi—1912, pp. 69-79 

Frederick Darlington 

Advantages of electric energy over steam m railway operation. Reasons 
for purchasing electric energy from central stations. Gam m economy 

due to larged mixed loads. D . . « A 

Discussion , incorporated with paper by George I. R hodes on " 
Method of Studying Power Costs with Reference to the Load Curve and 

Overload Economies.” 

A METHOD OF STUDYING POWER COSTS WITH REFERENCE TO THE LOAD 
CURVE AND OVERLOAD ECONOMIES 

Vol. YTnri —1912, pp. 81-100 

George I. Rhodes 

Mathematical analysis of the cost of producing electric energy *>*>ed 
on assumption of certain relations between load and losses ^ steam-elec- 
trie plants. Effect of load-factor and overload capacity on cost of energy 
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production. Relation between first cost and operating charges on over¬ 
load. 

Discussion , pp. 101-114, by Messrs. H. G. Stott, Hartle}^ Le H. Smith, 
P. M. Lincoln, C. O. Mailloux, Farley Osgood and G. I. Rhodes. Criti¬ 
cism and defense of author’s methods. Definition of rating. Mathe¬ 
matical expression of efficiency of prime movers. 

THE RELATIVE COSTS AND OPERATING EFFICIENCIES OF POLYPHASE AND 
SINGLE-PHASE GENERATING AND TRANSMITTING SYSTEMS 
H. M. Hobart Vol. xxxi—1912, pp. 115-147 

Details and comprehensive analysis of the cost of producing electric 
energy, transmitting it and delivering it to the working conductors of a 
railway system, by the straight single-phase system and by the three- 
phase synchronous converter substation system. 

Discussion , pp. 142-166, by Messrs. W. C. Smith, C. M. Green, H. M. 
Hobart, B. A. Behrend, Dugald C. Jackson, A. E. Kennelly, C. T. Mos- 
man, W. S. Murray, Edgar Knowlton, John B. Sparks and Roger T. Smith. 
Relative merits of single-phase and d. c. railway systems. Costs and 
efficiencies from actual practice. 

THE RELATION OF CENTRAL STATION GENERATION TO RAILWAY ELECTRI¬ 
FICATION 

Samuel Instill Vol. xxxi—1912, pp. 231-282 

Comprehensive analytical discussion of the advantages and savings 
to be derived by combining all electrical power plants in Greater New York 
into one unified system. Results attained by unification in Chicago 
compared with group systems in New York and Boston. Load curves 
and characteristics of different classes of service in New York, Boston 
and Chicago. Much well-digested, statistical information on industrial 
power, lighting and railway service. Appendix on power requirements 
of Chicago electrified steam roads showing saving of unified energy supply 
system over independent group system. v 

Discussion , pp. 283-322, by Messrs. John W. Lieb, Jr., Dugald C. Jack- 
son, Charles P. Steinmetz, Lewis B. Stillwell, Benjamin F. Wood, Cary T. 
Hutchinson, Bion J. Arnold, Samuel Insull, Frank J. Sprague, Hans 
Lippelt, William McClellan, Percy H. Thomas, W. G. Carlton, Calvert 
Townley, S. D. Sprong, W. S. Lee, William B. Jackson, Lee H. Parker, 
C. 0. Mailloux, P. W. Sothman, C. L. de- Muralt, N. W. Storer, Edward 
N. Lake. General remarks on feasibility and desirability of supplying 
electric railways from unified systems of electric energy production. Ad¬ 
vantages of unified system in organization, economy and favorable opera- 
ing conditions. Defense of separate power plants for railways. 

OPERATION OF TWO ALTERNATING-CURRENT STATIONS THROUGH 
PARALLEL CIRCUITS, AND THE DISTRIBUTION OF LOAD 
AND WATTLESS CURRENTS BETWEEN THEM 
J. W. Welsh Vol. xxxi—1912, pp. 449-457 

General analytical discussion of parallel operation of alternators and 
alternating current stations. Division of load and current under various 
conditions of connecting circuits and of speed and voltage adjustment. 
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Vector diagrams illustrating effect of different conditions upon magni¬ 
tude and phase of currents and e.m.fs. 

Discussion , pp. 458-470, by Messrs. Waldo V. Lyon, H. Y. Hall, Gano 
Dunn, P. M. Downing, W. A. Hillebrand, Lester McKenney, J. W. Welsh, 

R. Howes, F. R. Brainard and A. S. McAllister. Division of load between 
alternators and alternating current stations. Effect of adjustment of 
excitation. Design of transmission line for interconnection of stations 
to be operated in parallel to give maximum synchronizing power. 

PLANT EFFICIENCY 

An Analysis of the Losses of a Hydroelectric System 
J. D. Ross Vol. xxxi—1912, pp. 471-484 

Description of plant and analytical discussion of the losses in the gen¬ 
erating and distribution system of the Seattle Municipal Light & Power 
Company. Efficiency-load characteristics and losses of different elements 
of the hydraulic and electric systems. Tables and curves. 

Discussion , pp. 485-490, by Messrs. Gano Dunn, J. D. Ross, S. J. Lis- 
berger, R. Howes, J. B. Fisken, L. F. Harza, O. B. Coldwell, and H. Y. 
Hall. Efficiency of Pelton "wheels. Importance of plant efficiency. 

DOES IT PAY THE AVERAGE COAL MINE TO PURCHASE CENTRAL STATION 

POWER 

Graham Bright ™. xxxi-1912, pp. 737-747 

Detailed analysis of the cost of producing electric energy at the coal 
mine and cost of changing .over for central station service for requirements 
of coal mines. Cost data from actual practice in coal mine power plants. 

Discussion , pp. 748-754, by Messrs. E. D. Dreyfus, George R. Wood, 

H. M. Gassman, E. T. Penrose, Wilfred Sykes, W. N. Ryerson, H. N. 
Muller, and Graham Bright. Cost data on energy production at coal 
mines. Central stations vs. independent plants. 

• FREQUENCY 

D. B. Rushmore ' Vol ‘ PP- 965 * 972 

Comprehensive review of the quantitative relations between frequency 
and the operative characteristics of electrical apparatus and distribution 
circuits showing the difficulty of fixing a universal standard frequency for 
commercial circuits. The effect of frequencies upon the design and 
operation of electrical systems as to cost and satisfactory service. Table 
of frequencies used in various typical systems covering central stations, w 
railways and many industrial plants. 

Discussion, pp. 973-984, by Messrs. Samuel Sheldon, John J. ran , 

B. G. Lamme, G. H. Stickney, W. J. Foster, H. R. Summerhayes, Charles 
F. Scott, N. J. Neall, J. R. Werth and E. A. Lof. Effect of frequency 
upon the design and operation of transformers. Historical resume of 
commercial practice in the choice of frequency and discussion of the rea¬ 
sons therefor. Performance of lamps on low frequency. Method of 
choosing between ^25 and 60 cycles in generator design. 
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12. PARALLEL OPERATION 

OPERATION OF TWO ALTERNATING-CURRENT STATIONS THROUGH 
PARALLEL CIRCUITS, AND THE DISTRIBUTION OF LOAD AND 
WATTLESS CURRENTS BETWEEN THEM 
J, W. Welsh Vol. xxxi 1912, pp. 449-457 

General analytical discussion of parallel operation of alternators and 
alternating-current stations. Division of load and current under various 
conditions of connecting circuits and of speed and voltage adjustment.. 
Vector diagrams illustrating effect of different; conditions upon magni¬ 
tude and phase of currents and e.tn.fs. 

Discussion , pp. 458-470, by Messrs. Waldo V. Lyon, II. Y. IIall, 
Gano Dunn, P. M. Downing, W. A. Hillebrand, Lester Mr Kenney, 
J. W. Welsh, R. Howes, F. R. Brainard and A. S. McAllister. Division 
of load between alternators and alternating-current stations. KtTeet 
of adjustment of excitation. Design of transmission line for intercon¬ 
nection of stations to be operated in parallel to give maximum synehrou 
izing power. 


THE TRANSIENT REACTIONS OF ALTERNATORS 
William A. Durgin. and R. H. Whitehead Vol. xxxi # 1912, pp. 1567-1080' 

Demonstration of the existence of transient impeda.net* in alternators 
and experimental study of its effect upon the performance of large 
turbo-generators under short-circuit conditions, alone and connected in 
parallel with others to a distribution system, also its influence upon 
cross currents in paralleling such generators, Tests showing the effect 
of external reactance and resistance on short-circuit; currents and 
resulting torques. Results plotted as curves. 

Discussion , including that of paper by A. 1C. Field on H < Ipcratiug f 'liar 
acteristics of Large Turbo-Generators.” pp. 1081 l(>92, by Messrs. !L \1, 
Hobart, B. G. Lamme, P, M. Lincoln, Henry (L Reist, Comfort A. Adam;, 
A. B. Field, Sanford A. Moss, H. R. Woodrow, W. L. Walters, and William 
A. Durgin. Relative advantages of external and self-contained blowers 
for cooling of turbo-alternators. Desirability of cleaning air for cooling 
purposes. Use of dampers to prevent potential rises in the field circuit 
caused by short circuits. Calculation of maximum torques under short 
circuit. Value of external resistance in protecting turbo-alternators. 


13. TRANSMISSION LINES 

SOME PROBLEMS OF HIGH-VOLTAGE TRANSMISSIONS 
Charles P. Steinmctz Vol. xxxi • 19,12, pp. 167-173 

Brief description of the factors most prominent in limiting extremely 
high-voltage transmissions, insulators, capacity, corona, transformer ca¬ 
pacity ; transformer connections, etc. 

Discussion, incorporated with that of 15, M. Hewlett on “ Character 
istics of Protective Relays.” 
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CHARACTERISTICS OF PROTECTIVE RELAYS 
E. M. Hewlett Vol. xxxi—1912, pp. 175-184 

General advice concerning selection of relay characteristics for pro¬ 
tection of various apparatus assembled in different types of distribution 
systems. 

Discussion , pages 185-202, by Messrs. David B. Rushmore, C. S. 
Ruffner, F. W. Peek, Jr., Percy H. Thomas, A. E. Kennedy, A. S. Mc¬ 
Allister, Farley Osgood, C. O. Mailloux, C. C. Badeau, Charles W. 
Stone, E. M. Hewlett, G. A. Burnham and E. A. Lof. General remarks 
on high-tension transmission problems. Advantages, disadvantages 
and requirements of protective relays for use on large systems. 

DESIGN OF TELEPHONE POLE LINES FOR CONDITIONS WEST OF THE ROCKY 

MOUNTAINS 

A. H. Griswold Vol. xxxi—1912, pp. 427-443 

Description of weather conditions on Pacific Coast and causes of pole 
deterioration. Properties of Western poles. Pole testing and apparatus. 
General instructions for pole line erection. 

Discussion , .pages 444-447, by Messrs. H. Y. Hall, Gerald Deakin, 
W. D. A. Peaslee, Gano Dunn, D. P. Fullerton, P. M. Downing, S. J. 
Lisberger and A. H. Griswold. Effect of concrete casings on butt rot 
of poles. 

OPERATION OF TWO ALTERNATING-CURRENT STATIONS THROUGH 
PARALLEL CIRCUITS, AND THE DISTRIBUTION OF LOAD 
AND WATTLESS CURRENTS BETWEEN THEM 
J. W. Welsh Vol. xxxi—1912, pp. 449-457 

General analytical discussion of parallel operation of alternators and 
alternating-current stations. Division of load and current under various 
conditions of connecting circuits and of speed and voltage adjustment. 
Vector diagrams illustrating effect of different conditions upon mag¬ 
nitude and phase of currents and e.m.fs. 

Discussion , pages 458-470, by Messrs. Waldo V. Lyon; H. Y. Hall, 
Gano Dunn, P. M. Downing, W. A. Hillebrand, Lester McKenney, 
J. W. Welsh, R. Howes, F. R. Brainard, and A. S. McAllister. Division 
of load between alternators and alternating-current stations. Effect 
of adjustment of excitation. Design of transmission line for intercon¬ 
nection of stations to be operated in parallel to give maximum syn¬ 
chronizing power. 

PRACTICAL JOINT POLE CONSTRUCTION 
J. E. Macdonald Vol. xxxi—1912, pp. 491-500 

Description of the Los Angeles system of joint pole construction and 
operation. Outline of joint agreement between operating companies. 
Illustrations of different types of contraction. 

Discussion , pp. 501-508, by Messrs. A. H. Griswold, L. B. Cramer, 
Gano Dunn, 0. B. Coldwell, S. J. Lisberger, H. R. Wakeman, J. B. Fisken, 
and J. E. Macdonald. Further particulars of the Los Angeles systems; 
fixing of liability, schedule of pole share distribution; tree trimming, pole 
line easements. 
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PROPAGATION OF IMPULSES OVER TRANSMISSION LINE 
J. H. Cunningham and C. M. Davis Vol. xxxi 1912, up. 887-896 

Description and analysis of tests on artificial transmission line to de¬ 
termine the e.m.f. and current impulses traveling along the line when 
switching under various conditions. 

Discussion incorporated with that of paper by P. W, Peek J r. , on 11 Elec¬ 
trical Characteristics of the Suspension Insulator.” 

SOME MECHANICAL CONSIDERATIONS OF TRANSMISSION SYSTEMS 
T. A. Worcester Vol. xxxi *1912, pp. 897-906 

Analysis of factors that cause mechanical stresses in fransmissi* m towers 
bringing out the economical advantages of the flexible t, caver. Cost of 
transmission tower line construction. 

Discussion incorporated with that of paper by P. W. Peek, Jr., on " Elec¬ 
trical Characteristics of the Suspension Insulator.” 

ELECTRICAL CHARACTERISTICS OF THE SUSPENSION INSULATOR 
F. W. Peek, Jr. Vol. xxxi 1912, pp. 907-930 

Experimental investigation of the operative characteristics < if suspension 
insulators connected in series. Development of equations for calculation;.; 
of the arc-over e.m.f. The string efficiency, the e.m.f. distribution and 
the capacity of strings of suspension insulators of various types. Com¬ 
parison of theoretical results with actual tests. 

Discussion, including that of papers by Messrs. 1C, 1C. P. Creighton and 
F. R. Shaver on “ Compression Chamber Lightning Arrester and the 
Protection of Distribution Circuits;” E. E. P. Creighton, H. !C. Nichols 
and P. E. Hosegood on “ Human Accuracy: Multi keenrder fur Lightning 
Phenomena and Switching,” E. IS. P. Creighton, P. R. Shavor and R, \\ 
Clark on “ Studies of Protection and Protective Apparatus for Electric 
Railways ” and J. H. Cunningham and Cl M. Davis on ” Propagation of 
Impulses over Transmission Line ” and T. A. Worcester on M Home 
Mechanical Considerations of Transmission Systems,” pages ILfTtPi t, 
by Messrs. E. M. Hewlett, Paul M. Lincoln, R. J. McClelland*, C, Edward* 
Magnusson, Andrew McNaughton, Harris J* Ryan, R. P. [arkson, 
Charles P, Steinmetz, Charles F, Scott, R.‘ Philip Clark, Cassinn \h 
Davis, T. A. Worcester, and F. W. Peek, Jr. Method of calculating the 
e.m.f. distribution in a string of suspension insulators. Comparison of 
test data with results calculated by the Peek; formulas. KfiVrt. of ground 
wire on strength of transmission structure. Inherent sHf.pnu.vtive 
characteristics of ax, railway circuits. Care of aluminum das arrester. 

CORONA LOSSES BETWEEN WIRES AT HIGH VOLTAGES 
C. Francis Harding Vol, xxxT 1912, pp. 10S5-1080 

Account of experimental investigation on a transmission line at Purdue 
University. Comparison of experimental results with formulas of various 
investigators. Results plotted as curves. 

Discussion , incorporated with that of paper by f. B, Whitehead <m 
4 The Electric Strength of Air.” 
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THE LAW OF CORONA AND THE DIELECTRIC STRENGTH OF AIR 
F. W. Peek, Jr. Vol. xxxi— pp i 0 51-109a 

. Summary of equations and laws of corona covering previous and present 
investigations. Tests of effects, of temperature, frequencv, spacing, 
wire diameter, water, oil, etc. upon corona phenomena.' Also tests and 
calculations of disruptive energy of air. Relation between power loss 
and surface gradient. Stroboscopic examination of corona. Mechanical 
vibration of electrified lines. 

Discussion incorporated with that of paper bv J. B. Whitehead on 
The Electric Strength of Air.” 


J. B. Whitehead 


THE ELECTRIC STRENGTH OF AIR 

Vol. xzxi—1912, pp. 1093-1118 


Experimental study of physical laws underlying the phenomena at¬ 
tended upon the breakdown of air under electric stresses, being an 
important contribution to the ionization theory of corona. Effect of 
subdivision of conductors upon corona. 

Discussion , including that of papers by C. Francis Harding on “ Co-, 
rona Losses Between Wires at High Voltages ” and F. W. Peek, Jr. on 
14 The Law of Corona and the Dielectric Strength of Air,” pp. 1119-1130, 
by Messrs. John B. Taylor, A. E. Kennedy, C. P. Steinmetz, C. Francis 
Harding, F. W. Peek, Jr., J. B. Whitehead and A. S. Langsdorf. General 
remarks on corona. Comparison of tests on actual line with calculated 
results for corona loss and critical gradient. Observed vibration or 
swinging of high-tension lines. 


MEASUREMENTS OF VOLTAGE AND CURRENT OVER A LONG ARTIFICIAL 
POWER-TRANSMISSION LINE AT 25 AND 60 CYCLES PER SECOND 
A. E. Kennelly and F. W. Lieberknecht Vol. Tni — 1912 , pp . 1131-1163 

Design and construction of an artificial transmission line. Methods 
of measuring e.m.f. and current distribution in artificial equivalent of 
very long transmission line. Results of test, giving space distribution 
of current and e.m.f. both as to magnitude and phase. Results in tabular 
and curve form. Appendix —Method of measuring line impedance. 

Discussion , pp. 1164-1165, by Messrs. Charles P. Steinmetz, John 
Price Jackson, Charles F. Scott, John B. Taylor and A. E. Kennelly 
Praise of experimental investigation. 

MOTOR STARTING CURRENTS AS AFFECTING LARGE TRANSMISSION 

SYSTEMS 

P. M. Lincoln^ Vol. rm—1912, pp. 1789-1800 

Reason for limiting the size of motors connected to a given system. 
Account of extensive investigation of starting conditions found in a certain 
system where a number of cotton mills are connected to a transmission 
net work. Recording wattmeter records on mills- and transmission line. 
Starting data on different types and sizes of induction motors. 

Discussion , including that of paper by H. M. HQbart and E. Knowlton 
on “The Squirrel-Cage Induction Generator” and W. J. Branson on 
“ Single-Phase Induction Motors,” pages 1801-1810 by Lee Hagood, 
Comfort A. Adams, E. F. W. Alexanderson, Lester McKenney, H. M. 
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Hobart, K, Knowlton ami W. L. Waters, t ;a* fsynchronous e<uidenser 
in connection with a system ft‘d by induction generators an>! synch r« «u« >us 
generators, operating in parallel. ( 'tenoral remarks » »n ealeuhde »n of 
core losses and eddy currents in indue! inn genera Imp,. 

HIGH-FREQUENCY TESTS OF UNK INSULATOR* 

L. E. Imlay and Percy H. Thomas VoL xxxi -1012, up. 2121 2142 

Account of method of testing line insulators with high •livuneiiey, 
high-potential e.m.f. to determine their behavior under light mug Crosses. 
Discussion of the design of insulators for lightning stresses, i *ompaM.tive 
test on elect rose and porcelain. Suggested outline for future hive fixa¬ 
tions along the same line. 

Discussion, incorporated with that of paper by P. \V, Solhnian on 
“Comparative Tests of 'High-Tension Suspension Insuh?bu T 

COMPARATIVE TESTS ON HIGH-TENSION SUSPENSION INSULATOES 
P. W. Sothman Vat. xxxi 1012, pp.. 2143 2168 

Account of experimental study of various, type of line insulators 
to determine the specifications to be adopted bv the i Ontario power (bm- 
pany in equipping a 110,000-volt line. 1 teseript ion of tests and summary 
of results. 

Discussion including that of paper by b. 16 Imlay and Perm |1, \| bourns 
on “ High-Freepienev 'Pests of Lira* Insulators.’ 1 pp, 2160 2226 bv Ralph 
I). Mershon, Paul M. Lincoln, 16 VV. Peek, Jr., A. < k Austin, P. M. 
Farmer, Ralph W. Pope, 16 16 16 Creighton, 11. Winfield Srmr. 16. S. 
Lincoln, Ford VV. Harris, Charles Rufus llarie, 161 ward Bennett. 16 16 
Brand, Max H. Coll boh m, P. VV. Sothman, L. !6 Imlay. P. IP Thomas 
and R. 16 Hayward. Analysis of e.m.f. distribution and : tring ratio 
in strings of suspension insulators, Kffeet of high-frequency at rr-.ges 
on insulators. Nature of high-frequency st resides, Point * in be ob t ved 
in testing insulators and outline of standard specification fur Grits. 
Properties of glass insulators for very high-tension work, 


14. ELECTRIC SERVICE, DISTURBANCES AND 
PROTECTION 

CHARACTERISTICS OR PROTECTIVE RELAYS 

E. M. Hewlett V.,1. xxxi 1012, Ml, 178-184 

General advice eoncorninn selection of relay eliarmToi'i’dii"; lie im.lec¬ 
tion of various apparatus assembled in different leper, of di 11 ibid inn 
systems. 

Discussion , pp. .18/5-202, by Messrs. David B. R nub more, <6 S. Ruffner, 

F. W. Peek, Jr., Pcrey \L Thomas, A. 16 Kenm-lly, A. S. Me.\lli:;t.er 
Farley Osgood, (6 O, MaiVkuix, (6 C. Badeatt, Charles VV Stone, 16. M. 
Hewlett, CL A. Burnham and 16 A, Lnf. ibmeral remarks on high- 
tension tiansmission problems. Advantages, disadvantages and requires 
ments of protective relays for use on large systems. 
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COMPRESSION CHAMBER LIGHTNING ARRESTER AND THE PROTECTION 
OF DISTRIBUTION CIRCUITS 

E. E. F. Creighton and F. R. Shavor Vol. xxxi—1912, pp. 811-824 

Description of the construction and operative characteristics of a low- 
priced lightning arrester for medium potential circuits. Tests made to 
determine the practical merits of this lightning arrester. Specifications 
for protection of pole transformers and directions for installation of light¬ 
ning arresters for this purpose. Outline of actual method pursued in 
experimentally developing this type of arrester. 

Discussion , incorporated with that of paper by P. W. Peek, Jr., on “Elec¬ 
trical Characteristics of the Suspension Insulator.” 

HUMAN ACCURACY: MULTI-RECORDER FOR LIGHTNING PHENOMENA AND 

SWITCHING 

E. E. F. Creighton, H. E. Nichols and P. E. Hosegood Vol. xxxi—1912, pp. 825-850 

Examples of unreliability of human impression when observer is under 
stress of excitement. Use of multi-recorder in diagnosing conditions 
which produce an accident. Description of the construction and opera¬ 
tion, of several types of multi-recorders which are capable of recording 
the time of occurrence of any phenomenon* that can* be made to close an 
electrical contact. 

Discussion incorporated with that of paper by F. W. Peek, Jr., on 
“ Electrical Characteristics of the Suspension Insulator.” 

STUDIES OF PROTECTION AND PROTECTIVE APPARATUS FOR ELECTRIC 

RAILWAYS 

E. E. F. Creighton, F. R. Shavor and R. P. Clark Vol. xxxi—1912, pp. 851-886 

Experimental investigation of effects of high frequency on car wiring. 
Experience with the aluminum arrester in the protection of railway cir¬ 
cuits. Additional devices used with d.c. aluminum arresters to increase 
their durability. Comprehensive study of magnetic blow-out type of 
arrester with oscillograph to determine the quantitative value of the various 
factors entering into the design of the gap and the circuit to which it is 
connected. Many oscillograms of current and e.m.f. in a metallic arc. 

Discussion incorporated with that of paper by F. W. Peek, Jr., on 
“ Electrical Characteristics of the Suspension Insulator.” 

PROPAGATION OF IMPULSES OVER TRANSMISSION LINE 
J. H. Cunningham and C. M. Davis Vol. xxxi—1912, pp. 887-896 

Description and analysis of tests on artificial transmission line to de¬ 
termine the e.m.f. and current impulses traveling along the line when 
switching under various conditions. 

Discussion incorporated with that of paper by F. W. Peek, Jr., on 
“Electrical Characteristics of the Suspension Insulator.” 

ELECTRICAL CHARACTERISTICS OF THE SUSPENSION INSULATOR 

F. W. Peek, Jr. Vol. xxxi—1912, pp. 907-930 

Experimental investigation of the operative characteristics of suspension 
insulators connected in series. Development of equations for calculations 
of the arc-over e.m.f. The string efficiency, the e.m.f. distribution and 
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the capacity of strings of suspension insulators of various types. 
Comparison of theoretical results with actual tests. 

Discussion , including that of paper by Messrs. K. 1C. F. ( 'reighton ami 
F. R. Shaver on “ Compression Chamber Lightning Arrester and t he 
Protection of Distribution Circuits,” 1C. 1C. P. Creighton, II. 1C. Nirhuls 
and P. E. Hosegood on “ Human Accuracy: Multi-Recorder for Lightning 
Phenomena and Switching,” 1C. E. F. Creighton, F. K. Slmvur and R. 
P. Clark on “ Studies of Protection and Protective Apparatus for 1C lee trie 
Railways ” and J. H. Cunningham and 0. M. Davis on Pr**pagation of 
Impulses over Transmission Line” and T. A. Worcester on “Some 
Mechanical Considerations of Transmission Systems,” pp. \K\\ pr>!, by 
Messrs. E. M. Hewlett, Paid M. Lincoln, R. J*. McClelland, C. Edward 
Magnusson, Andrew McNaughton, Harris J. Ryan, R. P. Jacks* m, 
Charles P. Stein metz, Charles F. Scott, R. Philip (lark, Cassius M, 
Davis, T. A. Worcester, and F. W. Peek, Jr. Method of mdeulnfing 
the e.m.f. distribution in a string of suspension insulators, Comparison 
of test data with results calculated by the Peek formulas. Effect of 
ground wire on strength, of transmission structure. Inherent self pro¬ 
tective characteristics of a.c. railway circuits. Care of aluminum da*, 
arrester. 

THE TRANSIENT REACTIONS OF ALTERNATORS 
William A. Durgin and R. H. 'Whitehead Vo!, xxxi 1912, pp. 1657-1680 

Demonstration of the existence of transient impedance in alternators 
and experimental study of its effect upon Hie performam-e of 
large t urbo-generators under short-circuit, conditions alone and 
connected in parallel with others to a distribution system, also, its 
influence upon cross currents in paralleling Much generators. Tents 
showing the effect of external reactance and resistance on short-circuit 
currents and resulting torques. Results plotted as curve:;, 

Discussion , including that of paper by A. ih Field on M Operatin'.* 
Characteristics of Large Turbo-Generators,” pp, l(»si piq;g q v Mr^ is, 
IT. M. Hobart, B. G. Lamme, P. M. Lincoln, Henry O, Reist, Comfort, 
A. Adams, A. B. Field, Sanford A. Moss, II. R. Woodrow, W. L, Walters 
and William A. Durgin. Relative advantages of external and self eon 
tamed blowers for cooling of turbo-alternators. Desirability of cleaning 
air for cooling purposes. Use of dampers to prevent; potential rises in 
the field circuit caused by short-circuits, Calculation of maximum 
torques under short-circuit. Value of external resistance in protectinc 
turbo-alternators. 


LOCALIZERS, SUPPRESSORS, AND EXPERIMENTS 
E. E. F. Creighton and J. T. Whittlesey V«L xxxi 1912, pp. 1881,1919 

Experimental study of effect of grounding upon e.nt.fs. in three phase 
system, followed by oscillographic tests made to determine Urn appliea 
bility of localizers and arcing ground suppressors to the distribution 
systems of the Public Service Electric Company of New Jersey. Dm ailed 
discussion of oscillograms of current and e.m.f. in the system tinder various 
grounding conditions. Charts of insulation resistance of system of under 
giound an( l overhead conductors under various weather conditions 
Discussion , incorporated with that of paper bv L. L. Elden on ” Relay 
Protective Systems/’ 
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RELAY PROTECTIVE SYSTEMS 
L< L. Elden . . 

Vol. xxxi—1912, pp. 1911-1931 

Review of present practice in the use of balanced protective relays, 
based on the Mets-Pnce (England) systems as applied to high-tension 
a.c. distribution system. Typical installation of the system also brief 
description of similar system by Hochstadter in Cologne and Fare- 
Hansen and Harlow in England. 

Discussion, including that of paper by E. E. F. Creighton and J. T. 
Whittlesey on Localizers, Suppressors, and Experiments,” pp 1932-1935 
by Messrs. D. W. Roper, Harold Osborn, L. C. Nicholson, E E F 
Creighton, L. L. Elden and L. N. Crichton. 


THE USE OF REACTANCE IN TRANSFORMERS 
W. S. Moody VoL xxxi—1912, pp. 2015-2023 

Analytical discussion of transformer design with reference to the pro¬ 
duction of high internal reactance. Description of magnetic shunt 
method of .transformer construction. Effect of high internal reactance 
on mechanical stresses. 

Discussion, incorporated with that of paper by Malcolm MacLaren 
on “ The Effect of Temperature Upon the Hysteresis Loss in Sheet Steel.” 


15. DISTRIBUTION SYSTEMS 

SOME FEATURES OF THE OUTDOOR ELECTRICAL INSTALLATION 
F. C. Green Vol. xxxi— 1912 , pp. 323-327 

Brief description of the requirements of apparatus for outdoor substa¬ 
tions. List of transformers now in operation. Data on moisture con¬ 
tained in air, effect of heat on insulation strength of oil, etc. 

No discussion. 

PRACTICAL JOINT POLE CONSTRUCTION 
J. E. Macdonald Vol. xxxi—1912, pp. 491-500 

Description of the Los Angeles system of joint pole construction and 
operation. Outline of joint agreement between operating companies. 
Illustrations of different types of construction. 

Discussion, pp. 501-508, by Messrs. A. H. Griswold, L. B. Cramer, 
Gano Dunn, O. B. Coldwell, S. J. Lisberger, H. R. Wakeman, J. B. Fisken 
and J. E. MacDonald. Further particulars of the Los Angeles systems, 
fixing of liability, schedule of pole share distribution, tree trimming, 
pole line easements. 

NOTES ON UNDERGROUND CONDUITS AND CABLES 
C. T. Mosman Vol. xxxi—1912, pp. 755-781 

Exhaustive experimental investigation of a certain underground con¬ 
duit single-conductor alternating-current installation to determine the 
temperature distribution in the conduit ducts and cables under various 
conditions of ventilation and load. Results plotted in the form of curves. 

Discussion, pp. 782-809, by Messrs. A. E. Kennedy, L. L. Elden, 
William L. Puffer, William Clark, E. N. Lake, G. A. Burnham, David 
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Harrington, George W. Palmer, Jr., Philip Torchio, C. T. Mosman, and 
R. W. Atkinson. Generalization of author’s results. Results of other 
tests on the heating and carrying capacity of underground cables. Prac¬ 
tice of various central stations in underground cable operation. Ven¬ 
tilation of conduits. Observed sheath currents, e.m.fs and losses. 
Calculation of induced current and e.m.f* in lead sheath of single-conductor 
cables. 

FREQUENCY 

D. B. Rushmore Yol. ZX xi—1912, pp. 955-972 

Comprehensive review of the quantitative relations between frequency 
and the operative characteristics of electrical apparatus and distribution 
circuits showing the difficulty of fixing a universal standard frequency 
for commercial circuits. The effect of frequencies upon the design and 
operation of electrical systems as to cost and satisfactory service. 
Table of frequencies used is various typical systems covering central 
stations, railways and man}’ industrial plants. 

Discussion , pp. 973-984, by Messrs. Samuel Sheldon, John J. Frank, 
B. G. Lamme, G. H. Stickney, W. J. Foster, H. R. Summerhayes, Charles 
F. Scott, N. J. Neall, J. R. Werth and E. A. Lof. Effect of frequency 
upon the design and operation of transformers. Historical resume of 
commercial practice in the choice of frequency and discussion of the 
reasons therefor. Performance of lamps on low frequency. Method 
of choosing between 25 and 60 cycles in generator design." 


MOTOR STARTING CURRENTS AS AFFECTING LARGE TRANSMISSION 

SYSTEMS 

P. M. Lincoln Vol. zzx i—1912, pp> I7g9_i8 0 0 

Reason for limiting the size of motors connected to a given system. 
Account of extensive investigation of starting conditions found in a certain 
system where a number of cotton mills are connected to a transmission 
net work. Recording wattmeter records on mills and transmission line. 
Starting data on different types and sizes of induction motors. 

Discussion, including that of paper by H. M. Hobart and E. Knowlton 
on “ The Squirrel-Cage Induction Generator ” and W. J. Branson on 
“ Single-Phase Induction Motors,” pp. 1801-1810 by Lee Hagood, 
Comfort A. Adams, E. F. W. Alexanderson, Lester McKenney, H. M. 
Hobart, E. Knowlton and W. L. Waters. Use of synchronous condenser 
in connection with a system fed by induction generators and synchronous 
generators, operating in parallel. General remarks on calculation of 
core losses and eddy currents in induction generators. 


16. CONTROL, REGULATION AND SWITCHING 

ECONOMIES IN RAILWAY OPERATION 

F. E. Wynne Vol. —1912, pp 2 03-229 

Analytical discussion of the effects produced by various factors in¬ 
volved in the reduction of dead weight and energy consumption. Selec¬ 
tion of gear ratio and armature speed for given service. Relative merits 
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of field control and standard series rheostat method, substantiated by 
tests. 

No discussion. 

SOME FEATURES OF THE OUTDOOR ELECTRICAL INSTALLATION 
F. C. Green Voi. xxxi—1912, pp. 323-327 

Brief description of the requirements of apparatus for outdoor sub¬ 
stations. List of transformers now in operation. Data on moisture 
contained in air, effect of heat on insulation strength of oil, etc. 

No discussion. 

ELECTRIC BRAKING OF INDUCTION MOTORS 
H. C. Specht Vol. xxxi—1912, pp. 627-640 

Theoretical, mathematical analysis of induction motor performance 
with a.c. and d.c. braking. Development of equations for design of such 
systems. 

Discussion , pp. 641-643, by Messrs. H. E. White, H. P. Stratton, 
Gano Dunn, John C. Reed, Clark S. Lankton and H. C. Specht. Ad¬ 
vantages of electric braking of d.c. motors. 

ELECTRIFICATION OF A REVERSING MILL OF THE ALGOMA STEEL COMPANY 
Bradley T. McCormick Vol. xxxi—1912, pp. 646-652 

Description of flywheel motor-generator set and equipment for revers¬ 
ing mill plant giving general design data for the generators, motors, 
controllers, etc. 

Discussion , pp. 653-658, by Messrs. David Hall, B. T. McCormick, 
Wilfred Sykes, R. A. Black, H. C. Specht, R. B. Treat and H. W. Cheney. 
Effect upon inertia of dividing units. European practise in rolling mill 
drives. Time required to reverse Algoma mill, test. 

THE OPERATION OF A LARGE ELECTRICALLY DRIVEN REVERSING ROLLING 

MILL 

Wilfred Sykes Vol. xxxi—1912, pp. 659-681 

General description of electrically driven universal mill of the Illinois 
Steel Company. Detailed description of the flywheel motor-generator 
plant and controlling equipment with design data, performance character¬ 
istics and test results. Power required to operate mill and load charac¬ 
teristics. 

Discussion , pp. 682-684, by Messrs. R. A. Black, H. C. Specht. R. 
Tschentscher, James Farrington, Bradley T. McCormick and E. Fried- 
laender. Relative economy of two-high and three-high rolling mills. 

“ ELECTRICAL CONTROL OF A LARGE MINE HOIST 
H. W. Cheney Vol. xxxi—1912, pp. 685-699 

General description of induction motor hoist in No. 3 mine of the 
Woodward Iron Company, Birmingham, Alabama. Detailed descrip¬ 
tion of design and performance of water rheostat. Experimental data 
for rational design of water rheostats. 

Discussion, pp. 700-708, by H. M. Gassman, W. 0. Oschmann, H. E. 
White, Wilfred Sykes, F. L. Stone, E. Friedlaender, H. W. Cheney and 
M. A. Whiting. Data on the design of water rheostats; general remarks 
and experience in their operation. 
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HUMAN ACCURACY: MULTI-RECORDER FOR LIGHTNING PHENOMENA AND 

SWITCHING 

E. E. F. Creighton, H. E. Nichols and P. S. Hosegood Vol. xxxi—1912, pp. 825-850 

Examples of unreliability of human impression when observer is under 
stress of excitement. Use of multi-recorder in diagnosing conditions which 
produce an accident. Description of the construction and operation of 
several types of multi-recorders which are capable of recording the time 
of occurrence of any phenomenon that can be made to close an electrical 
contact. 

Discussion incorporated with that of paper by F. W. Peek, Jr. on 
“ Electrical Characteristics of the Suspension Insulator.” 


PROPAGATION OF IMPULSES OVER TRANSMISSION LINE 
J. H. C unnin gham and C. M. Davis Vol. xxxi—1912, pp. 887-896 

Description and analysis of tests on artificial transmission line to de¬ 
termine the e.xn.f. and current impulses traveling along the line when 
switching under various conditions. 

Discussion incorporated with that of paper by F. W. Peek, Jr. on 
“ Electrical Characteristics of the Suspension Insulator.” 

EXCITATION OF ALTERNATING-CURRENT GENERATORS 
D. B. Rushmore Vol. yrei —1912, pp. 1841-1876 

Excitation requirements of alternators and characteristics of various 
types of exciters. Brief description of different methods of alternator 
excitation and voltage regulation. Circuit diagrams and principles of 
operation of various types of voltage regulators, including the booster 
system and systems developed by Tirrill, Thury and Chapman. Choice 
of exciter arrangements together with collection of circuit diagrams, 
showing typical arrangements used in modern practise. 

Discussion, pp. 1S77-1S80 by Messrs. B. G. Lamme, H. M. Hobart, J. 
Lester VI oodbridge, E. A. Lof, and Lester McKenney. General re¬ 
marks on the choice of excitation system. 


THE RUNAWAY SPEED OF WATERWHEELS AND ITS EFFECT ON CONNECTED 
ROTARY MACHINERY 

Daniel W. Mead Vol. xxx i__i 9 i 2 , pp . 1937-1958 

Elementary principles for turbine governing followed by brief review of 
the hydraulics of impulse and reaction wheels with special reference, 
to the determination of the runaway speed. Practical example of cal¬ 
culation. Fundamental data given for various commercial types of 
impulse and reaction wheels. 

No discussion. 


THE ECONOMICAL SPEED CONTROL OF ALTERNATING-CURRENT MOTORS 
DRIVING ROLLING MILLS 

F. W. Meyer and Wilfred Sykes VoI . xxxi-1912, pp. 2067-2095 

. Gasification of speed requirements of rolling mills followed by analy¬ 
tical discussion of various methods of induction motor control including 
r ecstatic, multi-winding, cascade, and regulating machines of various 
ypes, wit special reference to the last named. Late developments in 
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the use of frequency changers as regulating machines, three-phase commu¬ 
tator motors for direct drive. 

Discussion, including that of paper by Wilfred Sykes on “ Power 
Requirements of Rolling Mills,” pp. 2096-2120 by Messrs. John M. Hippie, 
J. H. Wilson, Selby Haar, Edward J. Cheney, Bayse N. Westcott,’ 
David M. Petty, Fred Bickford Crosby, L. T. Robinson, H. L. Barnholdt’, 
G. E. Stoltz, Wilfred Sykes and Ford W. Harris. General remarks and 
experience in the choice of motor equipments for rolling mill drives. 
Method of testing steam driven mills. Relative merits of different 
methods of speed control. Notes on recording instruments for tests. 


17. TRACTION 

CENTRAL STATION ELECTRIC POWER FOR RAILROAD OPERATION 
Frederick Darlington Vol . xxxi—1912, pp. 69-79 

Advantages of electric energy over steam in railway operation. Rea¬ 
sons for purchasing electric energy from central stations. Gain in econ¬ 
omy due to large mixed loads. 

Discussion, incorporated with paper by George I. Rhodes on “ A 
Method of Studying Power Costs with Reference to the Load Curve and 
Overload Economies.” 

RELATIVE COSTS AND OPERATING EFFICIENCIES OF POLYPHASE AND 
SINGLE-PHASE GENERATING AND TRANSMITTING SYSTEMS 
H. M. Hobart Vol. xxxi—1912, pp. 115-147 

Details and comprehensive analysis of the cost of producing electric 
energy, transmitting it and delivering it to the working conductors of a 
railway system, by the straight single-phase system, and by the three- 
phase synchronous converter substation system. 

Discussion, pp. 142-166, by Messrs. W. C. Smith, C. M. Green, H. M. 
Hobart, B. A. Behrend, Dugald C. Jackson, A. E. Kennedy, C. T. Mos- 
man, W. S. Murray, Edgar Knowlton, John B. Sparks and Roger T. Smith. 
Relative merits of single-phase and d.c. railway systems. Costs and 
efficiencies from actual practise. 

ECONOMIES IN RAILWAY OPERATION 

F. E. Wynne Vol. xxxi—1912, pp. 203-229 

Analytical discussion of the effects produced by various factors involved 
in the reduction of dead weight and energy consumption. Selection of 
gear ratio and armature speed for given service. Relative merits of 
field control and standard series rheostat method, substantiated by tests. 

No discussion. 

THE RELATION OF CENTRAL STATION GENERATION TO RAILWAY 
ELECTRIFICATION 

Samuel Insult Vol. ytyi — 1912, pp. 231-282 

Comprehensive analytical discussion of the advantages and savings 
to be derived by combining all electrical power plants in Greater New York 
into one unified system. Results attained by unification in Chicago 
compared with group systems in New York and Boston, Load curves 
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and characteristics of different classes of service in New York, Boston 
and Chicago. Much well-digested, statistical information on industrial 
power, lighting and railway service. Appendix on power requirements of 
Chicago electrified steam roads, showing saving of unified energy supply 
over independent group system. 

Discussion, pp. 283-322, by Messrs. John W. Lieb,. Jr., Dugald C. 
Jackson, Charles P. Steinmetz, Lewis B. Stillwell, Benjamin F. Wood, 
Cary T. Hutchinson, Bion J. Arnold, Samuel Instill, Frank J. Sprague, 
Hans Lippelt, William McClellan, Percy H. Thomas, W. G. Carlton, 
Calvert Townley, S. D. Sprong, W. S. Lee, William B. Jackson, 
Lee H. Parker, C. 0. Mailloux, P. W. Sothman, C. L. de Muralt, 
N. W. Storer and Edward N. Lake. General remarks on feasibility and 
desirability of supplying electric railways from unified systems of electric 
energy production. Advantages of unified system in organization, econ¬ 
omy and favorable operating conditions. Defense of separate power 
plants for railways. 

FREIGHT TRAIN TESTS ON AN ELECTRIC INTERURBAN RAILWAY 
S. T. Dodd Vol. xxxi—1912, pp. 1001-1017 

General description of the electric freight equipment of the Fort Dodge, 
Des Moines and Southern Railway, followed by an account of the method 
and results of tests made to determine the power and energy requirements 
of freight trains under regular service conditions. Graphic and tabular 
records of results. 

No discussion. 

ELECTROLYTIC CORROSION OF IRON BY DIRECT CURRENT IN STREET SOIL 
Albert F. Ganz Vol. xxxi—1912, pp. 1167-1176 

Experimental investigation of the relative corrosion of different kinds 
of iron in two typical street soils. Comparison of actual electrolytic 
corrosion with that calculated by Faraday’s law. 

Discussion , pp. 1177-1178, by Messrs. Carl Hering, Edward B. Rosa, 
Irving Langmuir, C. H. Sharp and Albert F. Ganz. Corrosion of iron 
in cinders. Voltage of electrolytic corrosion of iron. 

MEASURING STRAY CURRENTS IN UNDERGROUND PIPES 
Carl Hering Vol. xxxi—1912, pp. 1449-1463 

Description and theory of several methods of measuring the current 
into or out of an underground pipe. 

Discussion , pp. 1464-1482, by Messrs. Albert F. Ganz, Edwin F. North- 
rup, George F. Sever, Edward B. Rosa, Alexander Maxwell, Frank 
Wenner, Clayton H. Sharp and Carl Hering. Description of numerous 
methods of measuring current and resistance of underground pipes or 
similar circuits. Haber’s earth ammeter. 

18. LIGHTING AND LAMPS 

ARC VS. TUNGSTEN STREET-LIGHTING IN SMALL TOWNS 
C. E. Stephens Vol. 1912, pp. 366-396 

General analysis of street lighting problems. Classification of streets 
for illuminating purposes. Requirements of street lighting design 
operation and maintenance. ~ ° 
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Discussion , pp. 352-363, by Messrs. Gano Dunn, S. C. Lindsay, F. H. 
Murphy, A. A. Miller, H. M. Friendly, G. R. Cooley, W. A. Hillebrand, 
R. Howes, George H. Sampson, J. B. Fisken, Alexander Martin, O. B. 
Cold well, Lloyd D. Gilbert and A. G. Jones. Defense of tungsten lamp 
for street lighting. 


FREQUENCY 

D. B. Rushmore Vol. xxxi 1912, pp. 955-972 

Comprehensive review of the quantitative relations between frequency 
and the operative characteristics of electrical apparatus and distribution 
circuits showing the difficulty of fixing a universal standard frequency 
for commercial circuits. The effect of frequencies upon the design and 
operation of electrical systems as to cost and satisfactory service. Table 
'of frequencies used in various typical systems covering central stations, 
railways and many industrial plants. 

Discussion, pp. 973-984, by Messrs. Samuel Sheldon, John J. Frank, 

B. G. Lamme, G. H. Stickney, W. J. Foster, H. R. Summerhayes, Charles 
F. Scott, N. J. Neall, J. R. Worth and E. A. Lof. Effect of frequency 
upon the design and operation of transformers. Historical resume of 
commercial practise in the choice of frequency and discussion of the rea¬ 
sons therefor. Performance of lamps on low frequency. Method of 
choosing between 25 and 60 cycles in generator design. 

VACUA 

W. R. Whitney Vol. xxxi—1912, pp. 1207-1216 

Improvement of vacuum by condensing vapors. Blackening of inside 
of vacuum tubes and lamp bulbs. Edison effect. Crookes radiometer 
for measuring pressure in a vacuum. Effect of temperature on life 
of vacuum lamps. * 

Discussion, pp. 1217, by Messrs. W. R. Whitney and Alfred H. Cowles. 
Gases held within glass containers. 

METALLIC TUNGSTEN AND SOME OF ITS APPLICATIONS 
W. D. Coolidge Vol. xxxi—1912, pp. 1219-1228 

Properties of wrought tungsten and commercial uses to which it is 
being put. 

Discussion incorporated with that of paper by Irving Langmuir on 
“ The Convection and Conduction of Heat in Gases.” 

INDUSTRIAL ILLUMINATION AND THE AVERAGE PERFORMANCE OF 
LIGHTING SYSTEMS 

C. E. Clew ell Vol. xxxi—1912, pp. 1257-1272 

General discussion of design of industrial lighting systems. Organiza¬ 
tion and arrangement of lighting data for easy reference. Design and 
test data from actual installations. Detailed study of depreciation of 
illumination due to dirt. Relation between lighting cost and labor 
cost. 

Discussion , incorporated with that of paper by Bassett Jones, Jr., 
on “ TheJProblems of Interior Illumination. 
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THE PROBLEMS OF INTERIOR ILLUMINATION 
Bassett Jones, Jr. Vol. xxxi 1912, pp, 1273-1292 

Descriptive analysis of the problem of interior lighting, being a discing 
sion of the various factors that should be considered in the design of light¬ 
ing systems wherever the aesthetic side is concerned. Outline of the 
method of procedure in such designs, followed by recital of actual course 
pursued in the design of the lighting system for a large banking room, 
Discussion , including that of paper by (\ K, ('Jewell on “ Industrial 
Illumination and the Average Performance of Lighting Systems," pp. I21KI 
1307, by Messrs. D. McFarlan Moore, Preston S. Miliar, Charles P. Scoff, 
A. E. Kennelly, E. B. Rowe, C. E. Clewell, Clayton !L Sharp, IS C. Cald 
well. G. Ii. Stickney, William J, Hammer, 1C. A. Champing M, Lmkie.sh, 
Roscoe Scott and Bassett Jones, Jr. General comment*; on industrial 
and aesthetic lighting. Depreciation of illumination. Method of tigur 
ing the labor saving due to improved lighting in factories. Daylight, 
vs. artificial light for lighting purposes. 

ELECTRICAL MEASUREMENTS WITH SPECIAL REFERENCE TO LAMP TESTING 
Evan - Edwards Vol. xxxi 19X2, pp* 1517-1323 

Accuracy attained in commercial lamp testing. Description M f lab 
oratory standard a.c. voltmeter. 

Discussion incorporated with that of paper by T. II. Amiinc < m 41 In 
candescent Lamps as Resistances.” 


INCANDESCENT LAMPS AS RESISTANCES 
T. H. Amnne Vol. xxxi . ma# ^ 1WMMm 

Resistance and resistance-temperature characteristics of various mm 
mercial, carbon, tantalum and tungsten filaments. Use of four lanm 
bridge. * ! 

Discussion , including that of paper by Evan J. Kdwards on ” Kledrh al 
Measurements with Special Reference to Lamp Testing,” pp. 1 ago 153,1 
by Messrs. Clayton H. Sharp, A. E, Kennelly, !YL G. Lloyd Paul Ms 
Gahan, T. H. Amrino, and Evan J. Edwards.' Use of Unwell indicator 
in lamp testing. The tungsten lamp as a resist..r for a emUaet makim- 
voltmeter. h 


19. ELECTRICITY IN THE ARMY AND NAVY 

MILITARY TELEGRAPH LINES USING THE POLARIZED SOUNDER AS RECEIVING 

INSTRUMENT 

George R. Guild 

. Vo >- **xi- ma. pp. 

re£?nc?tothf aSlfe C 1 mPUl f tC,C « m »’ h S - y!iU ' 111 wiU > 

^ the application of a polarized relay to two systems devised 
bv the author. Many circuit diagrams. 

No discussion. 
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20. MISCELLANEOUS APPLICATIONS OF ELECTRICITY 

CENTRAL STATION POWER IN COAL MINES 
W. A. Thomas Vol. xxxi—1912, pp. 1-14 

Brief description of the uses of electrical energy in coal mine operation. 
Description of fly wheel-equalizer hoisting plant. Analysis of energy re¬ 
quirements of coal mines, with regard to cost of service. Advantages 
of central station service to small mines. Rates charged for mine service. 
No discussion. 

DIRECT-CURRENT AND ALTERNATING-CURRENT MILL MOTORS FOR 
AUXILIARY DRIVES 

Brent Wiley Vol. szxi—1912, pp. 605-618 

Analytical discussion of the design requirements of d.c. and a.c. motors 
for steel mill service. Characteristics of series and compound d.c. motors 
and induction motors with wound secondary. 

Discussion , pp. 619-626, by Messrs. Alexander C. Lanier, M. A. Whiting 
R. B. Treat, Gano Dunn, F. R. Fishback, A. G. Ahrens and Brent Wiley. 
General remarks on choice of motor for steel mill auxiliaries, a.c. vs. d.c 
motors. Method of rating motors for intermittent service. 

ELECTRIFICATION OF A REVERSING MILL OF THE ALGOMA STEEL 

COMPANY 

Bradley T. McCormick Vol. xxxi—1912, pp. 645-652 

Description of flywheel motor-generator set and equipment for reversing 
mill plant giving general design data for the generators, motors, control¬ 
lers, etc. 

Discussion , pp. 653-658, by Messrs. David Hall, B. T. McCormick, 
Wilfred Sykes, R. A. Black, H. C. Specht, R. B. Treat and H. W. Cheney. 
Effect upon inertia of dividing units. European practice in rolling mill 
drives. Time required to reverse Algoma mill, test. 

THE OPERATION OF A LARGE ELECTRICALLY DRIVEN REVERSING ROLLING 

MILL 

Wilfred Sykes Vol. xxxi—1912, pp. 659-681 

General description of electrically driven universal mill of the Illinois 
Steel Company. Detailed description of the flywheel motor-generator 
plant and controlling equipment with design data, performance charac¬ 
teristics and test results. Power required to operate mill and load 
characteristics. 

Discussion , pp. 682-684, by Messrs. R. A. Black, H. C. Specht, R. 
Tschentscher, James Farrington, Bradley T. McCormick and E. Fried- 
laender. Relative economy of two-high and three-high rolling mills. 

ELECTRICAL CONTROL OF A LARGE MINE HOIST 
H. W. Cheney Vol. xxxi—1912, pp. 685-699 

General description of induction motor hoist in No. 3 mine of the Wood¬ 
ward Iron Company, Birmingham, Alabama. Detailed description of 
design and performance of water rheostat. Experimental data for rational 
design of water rheostats. 
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Discussion , pp. 700-708, by If. M. Gass man, W. O. Osehmann, If. R, 
White, Wilfred Sykes, F. L. Stone, F. Friedlaendcr, H. VV. Cheney and 
M. A. Whiting. Data on the design of water rheostats, genera! remarks 
and experience in their operation. 

NOTES ON THE USE OF ALTERNATING CURRENT IN UNLOADING COAL 
W. N. Ryerson and J. B. Crane VoL xxxi 1912. pp. 709 722 

Description of, and operation data on several Iypr ;.»f omuI duel; nidi.a*I 
ing plants in Duluth-Superior Harbor. Load charaeteri:4atnuu 
tests. Rates and methods of charging for central station service. 

Discussion , pp. 723-730, by Messrs. Wilfred Sykes, (\ T. Hmdrrson, 
E. Friedlaender, R. R. Selleek, R. K. HGlmmul, Albert Kingj.lmrv and 
J. B. Crane. Experience and operating data on electric eon! duck plant M 
A.c. vs. d.c. dock equipment. Cost of dynamic braking, i Wrrshoufing 
of recording wattmeters. Energy consumption of electric coal ducks 

DOES IT PAY THE AVERAGE COAL MINE TO PURCHASE CENTRAL STATION 

POWER 

Graham Bright VoL xxxi- 1912. pp. 727 747 

Detailed analysis of the cost of producing electric energy at tin* coal mint* 
and cost of changing over for central station service. I Wn requirements 
of coal mines. Cost data from actual practise in enal mine p*nver plant 
Discussion , pp. 748-754, by Messrs, 1C ! >. Dreyfus, George R, Wood, 
II. M. Gassman, E. T. Penrose, Wilfred Sykes, W. \, Ry»V.on, f{ \\ 
Mfiller, and Graham Bright. Cost data *»n energy production at coal 
mines. Central station vs. independent plant:;, 

OZONE: ITS PROPERTIES AND COMMERCIAL PRODUCTION 
Milton W. Franklin VoL xxxi. 1912, ppM$ n$ 

Historical notes on ozone. Description of various met. bod •.•.of **;*oi»c pro 
duction and many of the different types of ozonator ; that, have been dc 
velopcd. Characteristics and properties of ozone 
Discussion, pp. 996-099, by Messrs. <\ K Skinner, Mafic w ft Toe 
J. Lester Woodbridge, W. L. R. Emmet and Milton W. Franklin 

THIRTY YEARS* PROGRESS IN THE ELECTRIC FURNACE 
F. A. J. FitzGerald Vol. xxxi 1919, pp. 1179-1197 

. f rief rcview of work in the development of are, tea,tamo m d 

induction type furnaces. Statement of some of the pruth m n« 
countered in furnace design. 

Discussion, pp. 1188-1190, by Carl lleri..,-, Alina it. Cowl,. W „ 
Jackson and P. A. J. FitzGerald. Harly work ,.f fowl,-., 
carborundum and siloxygim. 

. rM application op electric drive to paper calenders 

E. C. Morse 

v«l. xxxi ms, Pi,. ttlMMI 

Detailed analysis of the operating clmrapterisUcs and iv,,,,,,,- 

f ““ tS °! super-calenders. Experimental determination !,f the v , 

Se bsof r ff entel ', the Pr ° blcm ,,f "***•». and .Hsrussi.I 

merits of different methods of drive. Brief note:; on power 
of sheet calenders and platers. 1 * 

No discussion. 


<hv!« , w n 

InVrutiMJi of 


E. C. Morse 
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ELECTRICITY O N THE FARM 

Putnam A. Bates Vol. mi—1912, pp. 19S5-2003 

Review of the present state of the art^f applying electricity in agri¬ 
cultural undertakings. Specific data from irrigated farms, stock farms 
and others covering central station and isolated plant practise. Power 
requirements of such enterprises and rates charged by central stations. 
Use of storage batteries. 

Discussion , pp. 2004-2013 by Messrs. J. D. Merrifield, L. L. Eldeii, 
Putnam A. Bates, J. A. Moyer, Sanford, and Adolph Shane. 

POWER REQUIREMENTS OF ROLLING MILLS 
Wilfred Sykes Vol. xxxl—1912, pp. 2051-205S 

Analytical study of the power requirements of rolling mills showing 
the relative effects of factors such as temperature of metal, volume, method 
and rate of displacement; etc. Example of calculation of power require¬ 
ments for a mill. 

Discussion , incorporated with that of paper by F. W. Meyer and Wilfred 
Sykes on 11 The Economical Speed Control of Alternating-Current Motors 
Driving Rolling Mills.” 

THE ECONOMICAL SPEED CONTROL OF ALTERNATING-CURRENT MOTORS 
DRIVING ROLLING MILLS 

F. W. Meyer and Wilfred Sykes Vol. xxxi—1912, pp. 2067-2095 

Classification of speed requirements of rolling mills followed by analy¬ 
tical discussion of various methods of inductor motor control including 
rheostatic, multi-winding, cascade and regulating machines of various 
types with special reference to the last named. Late developments in 
the use of frequency changers as regulating machines, three-phase commu¬ 
tator motors for direct drive. 

Discussion , including that of paper by Wilfred Sykes on “ Power Re¬ 
quirements of Rolling Mills ” pp. 2096-2120 by Messrs. John M. Hippie, 
J. H. Wilson, Selby Haar, Edward J. Cheney, Bayse N. Westcott, David 
M. Petty, Fred Bickford Crosby, L. T. Robinson, H. L. Barnholdt, 
'G. E. Stoltz, Wilfred Sykes and Ford W. Harris. General remarks and 
experience in the choice of motor equipments for rolling mill drives. 
Method of testing steam driven mills. Relative merits of different 
methods of speed control. Notes on recording instruments for tests. 


21. TELEPHONY AND TELEGRAPHY 

AUTOMATIC PRIVATE BRANCH EXCHANGE DEVELOPMENT IN SAN FRANCISCO 
Gerald Deakin Vol. xxzi-1912, pp. 365-396 

Description of advantages and mode of operation of automatic apart¬ 
ment house and commercial private branch exchanges. Cost of opera¬ 
tion and maintenance compared with manual system for the same service. 
Cost and maintenance statistics. 

Discussion , pp. 307-404, by Messrs. H. M. Friendly, Gerald Deakin 
A. H. Griswold, A. H. Dyson, D. P. Fullerton, R. W. Pope, A. E. Burgh- 
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duff, W. Lee Campbell, Lloyd IX Gilbert and Arthur Bussey Smith. 
General remarks on operation of private branch exchanges. Description 
of automatic branch exchange connected to public branch exchange. 

THE APPLICATION OF AUTOMATIC SELECTING DEVICES TO TELEPHONE 
MULTIPLE SWITCHBOARDS 

Alfred H. Dyson Vol. xxxi 1912, pj>. 406-415 

Brief description of modern manual multiple switchboard followed by 
automatic call distributing switchboard. Analysis of the advantage:; 
and savings resulting from the use of the latter system. 

Discussion, pp. 420-425, by Messrs. A. II. Griswold, A. 11. Dvson, 
H. M. Friendly, Gerald Deakin, A. K. BurghdufT, and Arthur Bessey 
Smith. Advantages of automatic call or traffic distributing system over 
the manual system. Factors that effect the efficiency of telephone op¬ 
erators. 


DESIGN OF TELEPHONE POLE LINES FOR CONDITIONS WEST OF THE ROCKY 

MOUNTAINS 

A, H. Griswold Vol. xxxi ~ 1912, pp. 427-443 

Description of weather conditions on Puriljr Guard and causes of pule 
deterioration. Properties of Western poles. Pole testing and apparatus. 
General instructions for pole line erection. 

Discussion , pp. 444-447, by Messrs. II. Y\ Hall, Gerald Deakin, \Y. D. 
A. Peaslee, Gano Dunn, IX P. Fullerton, P. M. Downing, S. J. Lisberger 
and A. II. Griwsold, Effect of concrete casings on butt rot of poles,. 


J. E. Macdonald 


PRACTICAL JOINT POLE CONSTRUCTION 


Vol. xxxi 


1313, pp 431 500 


Description of the Los Angeles system of joint pole construe!ion ,,,nl 
Operation. Outline of joint agreement between operating companies. 
Illustrations of different types of const .ruction. 

Discussion, pp. 501-508," by Messrs. A. II. (Sriswold, L. 11. Cramer, 
Gano.Dunn, 0. B. Coldwell, S. J. Lisbergcr, H. R. Wakemnu, J. It. Id:,km,' 
tind J. E. Macdonald. Further particulars of tlie Lor, Angeles systems, 
lixing^ of liability, schedule, of pole share distribution, free trimming, 
pole line easements. 


THE WIRING OF LARGE BUILDINGS FOR TELEPHONE SERVICE 

Frederick L. Rhodes ,, , . , „ 

Vol. xxxi 1912, i»p. 1367-1394 

Design and construct,ion of telephone wiring for office and loft building 

hotels and apartments. Actual examples giving eahle layouts and general’ 
data, ‘ 

Discussion., pp. 1895-1390, by Messrs. Rdwin M. Kuprise, George K 
Manson and F. L. Rhodes. 


THE VIBRATIONS OP TELEPHONE DIAPHRAGMS 
Charles F. Meyer and J. B. Whitehead Vet. x„l~ 1918, »p. Wl-Ul 8 


Experimental study of vibrations of telephone receives and transmitters 
at different frequencies and currents. Relation between fremienev 
current and amplitude of vibration, shown graphically. Resonance 
curves, curves for receiver and transmitter. 
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Discussion, pp. 1419-1428, by Messrs. George D. Shepardson, George 
W. Pierce, Alan E. Flowers, A. E. Kennelly, John B. Taylor, John B. 
Whitehead, Frank Wcnner and Charles F. Meyer. Effect of temperature 
on vibration of telephone diaphragms. Variation of inductance and 
resistance of telephone transmitters and receivers when vibrating. 

MILITARY TELEGRAPH LINES USING THE POLARIZED SOUNDER AS RECEIVING 

INSTRUMENT 

George R. Guild Vol. xxxi—1912, pp. 1429-1448 

Description of single impulse induction telegraph system with special 
reference to the application of a polarized relay to two systems devised by 
the author. Many circuit diagrams. 

No discussion. 


22. MISCELLANEOUS TOPICS AND INSTITUTE AFFAIRS 

THE DEBT WE OWE TO HENRY AS A SCIENTIST 
Michael I. Pupin Vol. xxxi—1912, pp. 1019-1026 

State of electric science before Henry. Brief sketch of Henry’s achieve¬ 
ments and side-lights on his character,. His true position among the great 
electrical scientists. 

No discussion, 

THE RELATION OF ELECTRICAL ENGINEERING TO OTHER PROFESSIONS 

President’s Address 

Gano Dunn Vol. xxxi—1912, pp. 1027-1034 

Definition of engineering, tending to show that it is a method rather 
than an occupation. 

No discussion. 

METALLIC TUNGSTEN AND SOME OF ITS APPLICATIONS 
W. I). Coolldgo Vol. xxxi 1912, pp. 1319-1228 

Properties ot wrought tungsten and commercial uses to which it is 
being put. 

Discussion incorporated with that of paper by Irving Langmuir on 
“Thu Convection and Conduction of HAat in Gases.” 

CODE OF PRINCIPLES OF PROFESSIONAL CONDUCT 

Vol. xxxi— 1912, pp. 2227-2230 

REPORT OF THE BOARD OF DIRECTORS FOR THE FISCAL YEAR ENDING 

APRIL 30, 1912 

Vol. xxxi— 1912, pp. 2231-2251 
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Acceleration characteristics, centrifugal pumps. 

motor-generator set. 

motors. (See Name of Motor), 
various machines. (See Name of Ma¬ 
chine)., 

ventilating fans. 

railway, economical. 

train, freight service. 

Accuracy, human limitations.825 

Acyclic generators. (See Generators). 

Air, corona phenomenon. (Also see Corona). 

dielectric strength, losses... 

disruptive critical e.m.f., formula. 

energy.. . 

definition.. 

effect of density.. 

gap, motor, synchronous, choice... 

gradient, disruptive, effect of conductor diameter. 

density.1054-1059 

pressure... 

temperature. 

ionization by corona. 

Algoma Steel Co., reversing mill installation. 

Ammeters, electromagnetic, moving vane, losses. 

Haber’s earth, experience... 

hot-wire, characteristics. 

losses.. 

induction, performance curves. 

temperature compensation. 

theory... .. 

torque equation.. . 

thermo, measurement small currents. 

Amortisseur winding. (See Winding, squirrel cage). 

Ampere’s discovery, date. 

Antennae, use in lightning arresters. 

Arcing-ground suppressor applied to cable system. 

use in cable systems. 

Arcs cable, grounded, characteristics.. 

metallic, current oscillograms.g 73 

e.m.f. oscillograms. 373 

Armature connections, double-commutator generator. 

construction, steel mill service. ’’**’[[* 

flux distribution. (See Flux Distribution). 

reaction, drop in voltage due to reduction of flux. 

teeth reluctance. 

Atmosphere, moisture saturation form various temperatures 
Auto transformers. (See Transformers). 

Batteries, primary, Volta’s discovery, date. 

storage, use in isolated plant.* ’ ‘ ] 

with exciters. 

Bearings, requirements for rolling mill drives. 

steel mill motors, design. 


42 














































TOPICAL INDEX 


Bibliography, generators, a.c. induction, squirrel cage. 

railroad electrification. 

Boilers, cost. 

depreciation. 

fire-proof, cost, erected. 

foundations. (See Foundations). 

loss, classification.. 

scrap value. 

Boosters for exciter control. 

Braking, dynamic, cost. 


motors, d.c.641 

induction. 

calculation.631 


1747 

273 

742 

101 

45 

S2 

744 

1866 

733 

642 

627 

635 


motors, a.c., coal handling plants, cost. 

dynamic, cost.. 

Bridge, four-lamp.. 

incandescent lamp testing. 

Brushes, choice, generators, acyclic. 

contact resistance, high-speed. 

generators, acyclic. 

resistance measurement.. 

Buildings, boiler house, cost. 

depreciation. 

power plant, cost. 

Cables, bonding, practice. 

faults, predetermination. . 

heat dissipation.. . 

high-tension, arcing-ground, characteristics. 

capacity, conditions when grounded .. 

insulation resistance measurements in oper¬ 
ation. 

potentials when grounded. 

induced current, calculation. 

e.m.f., calculation. 

lead, high-frequency stresses... 

one-phase grounded, relation between e.m.f. and resistance. 

' power lost 

in ground and potential to ground. 

paper-insulated, carrying capacity.. 

reactance, calculation... 

resistance, thermal. : ... 

rubber-insulated, carrying capacity.. 

sheath currents, calculation... 

tests. 

single-conductor, bonded, sheath currents. 

loss .. 

temperature characteristics. 

distribution and insulation. 

three-phase, potential equation. 

triple-conductor, sheath losses. . 

underground, carrying capacity... . 

weatherproof, carrying capacity... 

Cambric, maximum temperature. 

thermal drop. ....*. 

varnished, maximum temperature.-. 

Capacity, electric, parallel wires, triangular arrangement. 

Carbon, resistance-temperature characteristics..... -. 

treated, resistance-temperature characteristics.• • ■ • 

Carborundum, discovery. Llb 

Cars, baggage, weight ... 

dav coaches, weight.' * * ’'.. 

dining, weight... ; ... 

electric, choice of gear ratio... ’•*•***'*•*’* 


i 16 

1530 

1532 

1830 

1S22 

1817 

1698 

74.2 

101 

742 

787 

1900 

755 
1906 
1S84 

1901 
1883 

806 

806 

2139 

1898 

1899 
803 
806 
805 
803 
807 
795 
777 

777 

778 
778 

1909 

802 

802 

803 

756 

757 
756 

1115 

1526 

1529 

1188 

276 

276 

276 

211 
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Cars, electric ( continued) 

dead weight. . 

mileage. 

protection. 

two-motor vs. four-motor. 

Pullman, steel, weight. 

weight. 

surburban trailers, weight... 

Cells, voltaic, date of discovery. 

Central stations, advantages. 

over isolated plants. 

frequency standard.971 

rates (see Rates)... 

Chapman regulators (see Regulators) . 

Circuit breaker, inventor... 

diagram, Alexanderson alternator. 

generators, a.c. compensated. 

Coal handling, bridge tramway, power requirements.717 

cable car, power requirements. 

docks, a.c. vs. d.c. operation.727-730 

bridge tramway installation. 

cable car installation.^^. • • • 

d.c. vs. a.c. operation...727-730 

electric, comparison of different types. 

machinery, classification. 

man trolley installation. 

power consumption.728—729 

requirements. 

service, central station rates. 

Duluth-Superior Harbor... 

dynamic braking, cost... 

electric plant, air operated switches, advantages . . 

man trolley... 

maximum capacity. 

mines (see Mines) 

storage capacity, Duluth-Superior Harbor. 

Cobalt hysteresis at low temperature, tests. 

Collector rings, generators, acyclic, construction. 

difficulties. 


high-speed construction. 

wear, generators, acyclic. 

Colleges, Land Grant, basis of organization. 

Commutating pole, design, steel mill service. 

Commutators, contact resistance, measurement. 

design, steel mill service. 

speed, motor-generators. 

Condenser charge, energy equation. 

oscillatory. 

discharge, oscillatory. 

synchronous, use with induction generators... 

tinfoil, construction. 

Conductance, thermal, conversion factors... 

Conductors, underground pipes, current flow. 

Conduits, construction, central station practice. 

current capacity, effect of lightly loaded cables 

ducts, temperature distribution test. 

energy dissipation per duct-foot. 

manhole, ventilation test. 

summer ratings compared with w T inter ratings. 


temperature distribution, tests...771-773 

in ducts, test.766 

effect of air circulation. 


204 

204 

852 

210 

276 

276 

276 

1019 

76 

59 

972 


193 

1851 

1853 

718 

718 
734. 
710 
712 

734 
716 
710 
714 

735 
710 
720 
709 

723 

724 

719 
723 

709 

2048 

1832 

1837 

1834 

1832 

1834 

1365 

607 

1698 

606 

656 

2179 

895 

895 

1802 

1135 

1198 

1450 

784 

768 

757 

784 

761 

786 

774 

767 

767 
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Conduits, temperature effect of {continued) 

lightly loaded cables. 768 

forced ventilation. 769 

testing, method... 776 

tests... SOO 

Boston Edison. 785 

underground, manhole, ventilation test. 764 

temperature distribution, natural ventila¬ 
tion.762 763 

ventilation, practicability.792 794 

winter ratings compared with summer ratings. 7S6 

Contact-e.m.f., current collection, generators, acyclic.. 1S22 

Contacts, tungsten. 1222 

Control, e.m.f., effect of frequency. 9S3 

speed, motors, a.c., calender drive.1971 1973 

commutator. 2092 

induction, cascade. 2076 

commutating regulator, di- 

direct connected. 2079 

commutating regulator, 

motor driven. 2080 

commutating regulator, 

number in operation ... 2115 

commutating regulator, 
power-factor compen¬ 
sation. 2081 

frequency changer, oper¬ 
ation. 2085 

frequency changer with 

regulating transformer. 2084 

frequency changer with¬ 
out regulating trans¬ 
former. 20 SS 

multi-winding. 2074 

rheostatic. 2112 

d.c., calender drive.1072 1973 

railway, field method.• • * 

saving. 

weight reduction, methods. 209 

requirements for calender drive. 10/1 

rolling mills, rheostatic, cost_. 2071 

Convection, forced, Kennelly’s experiments compared with calcu- ^ 

free^Kenneily’s experiments compared with caicula- 

tion. . ^. j-j . yg 7 

“Converters, frequency commercial speeds.. qg- 

practical combinations. 

mercury arc, life of tube. 747 

power-factor... * 

replacement of synchronous. 

tungsten leading-in-wires. 

synchronous, cost, effect of frequency. 

effect of frequency. 

efficiency. 170 ^ 

losses. gQ 4 

Copper, conductivity, heat.‘ ^ 7222 

resistivity, electric. . 804 

heat. 2010 

Corn production,_ various states. ■•;•*** i * ‘■ i..‘ ^ 1 *.!*.! . 1061 

Corona, concentric cylinders, gradient • £ density .!! 1062 
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Corona ( continued ) 

critical e.m.f., relation to air density. 1054 

disruptive, formula.1052 1058 

subdivided conductors. 1106 

visual, formula.1052 1058 

oil surface, formula. 1057 

water surface, formula. 1057 

diameter measurement. 1101 

with ultra-violet. 1104 

without ultra-violet. 1104 

disruptive energy, definition. 1084 

effect of air density. 1085 

conductor diameter. 1086 

relation to air density. 1087 

effect of atmospheric condition... 945 

conductor diameter. 1056 

free ionization. 1099 

frequency.961 1055 

oil surface. 1055 

pressure. 1054 

surface finish. 1055 

temperature.1054 1060 

water surface. 1055 

e.m.f., effect-of oil surface, test. .. 1079 

water surface, test. 1079 

parallel wires, relation to spacing, test. 1068 

wire diameter. 1075 

Pee 1 : formula compared with tests. 1047 

formulas, practical. 1058 

gradient, disruptive, effect of temperature. 1059 

formula. 1058 

spark-over, relation to wire diameter, test. 1074 

visual, effect of frequency, formula. 1064 

temperature. 1059 

fog, formula. 1081 

parallel wires, relation to spacing test... 106S 

ionization of air. 1094 

loss. 3051 

below critical e.m.f., formula. 1052 

definition. 1053 

formula compared with test. 1125 

formulas.*.1043 1086 

law below critical point. 1121 

laws. 1053 

measurement, method. 1036 

Peek formula compared with test.1045 1048 

power-factor, test... 1042 

stormy weather, formula... 1058 

test. 3040 

circuit diagram. 1037 

transmission lines. 1035 

different spacings. 1043 

formula. 1058 

parallel conductors, gradient, visual, effect of density... . 1062 

quadrilateral arrangement.'.. . . 1110 

triangular arrangement. 1110 

relation to spark-over, concentric cylinders. 1065 

parallel wires. 1065 

resistance, formula. 1076 

spark-over e.m.f., concentric cylinders, relation to cylinder 

radius. 1077 

parallel wires, relation to spacing test. .. 106S 

small wire, formula. 1Q76 
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Corona ( continued) 

study with stroboscope.... .1057 

subdivided conductors. 

tests, oscillograph, suitable. 

visual, effect of frequency. 

pressure, test. 

temperature, test. 

Corrosion, electrolytic, cast-iron pipe, test. 

in soil, explanation. 

iron pipe, street soil, test. 

iron, voltage. : .... 

minimum voltage, iron pipe. 

steel pipe, test. .... 

# wrought iron pipe, test. 

iron, embedded in cinders.. 

Cost, boilers. 

fire-tube. 

houses. 

setting.•'. 

water-tube. 

calenders, paper. 

converters, synchronous, effect of frequency. 

energy, electric, apartment house plant. .. 

coal mine service.^ - 

effect of load factor.75 

over-load economy. 

industrial plants. 

isolated plants. 

itemized. 

loft building plant. 

office building plant. 

railway operation. 

steam plants. 

engines, conveyor. 

elevator... 

fan.. 

gas... 

hoisting. 

oil. 

steam. 

high-speed. 

low-speed.... 

medium-speed. 

feed-water heaters. 

foundations... 

generator, a.c., single-phase... 

three-phase.. 

turbo induction .... 

d.c... 

high-speed. 

low-speed.. 

effect of frequency. 

heating apartment houses. 

department stores..... 

hotels.. 

office building.. 

labor, coal mine power plants.. 

motors. 

induction, 10 -hp.. 

30-hp. 

75-hp... 

250-hp. 

effect of frequency.. 


10SS 

1106 

1049 

1064 

1064 

1063 

1172 

1177 

1168 

1177 

1175 

1172 

1172 

1177 

742 

45 

742 

742 

45 

1974 

96S 

44 

745 

82 

92 

44 

43 

91 

43 

44 
133 

74 

742 

742 

742 

45 
742 

45 

742 

45 

45 

45 

742 

45 

115 

115 

1731 

742 

45 

45 

958 

23 
25 

24 
24 

742 
1974 

743 
743 
743 
743 
965 
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Cost (continued) 

motor-generator, 150 lew...• ; 

piping, power plant... 

poles, cedar......... 

installation.... •.. 

power plant, coal mines. ...... 

operation....... 

superintendence... 

turbo-generator. .......................... 

producers, gas..*.* • • .... ■ ■ 

pumps, mine.*.... 

service, electric, apartment houses...*. 

department stores...... 

hotels.^.. • - t .- - - .. 

manufacturing buildings. .. 

office buildings. .. > 

substations. t ...* * • ■ • 

operation. ...* • - 

switchboards...*.*. • ■ 

transformers....• • - *. 

single-phase..... 

three-phase... ^........ . 

three-unit power plant compared with two-unit... 

towers.......... 

Cotton insulation, maximum temperature... 

Cream separators, power requirements...- 

Crops, production, various states.• • • •.. > p 

Current, alternating, measurement, low values... . . ... 1 ISti 

carrying-capacity, cables, underground... 

paper-insulated cables... 

rubber-insulated cables... . . . 

weatherpntof cables. ... 

wires, calculation.. . 

collection» difficulties, generators, acyclic.. ... 

generators, acyclic........... < t . ......... . ■ 

4‘oiitaet c.m.f... 

surface speed, generators, acyclic... 

density, rheostats, water,.. bit I 

measurement , la gc values. . ...... 

separately excited electroilvna 

mometer., , , .. , t 400 

phase-shifting transformer, wave distort ion. . 

short-circuit distribution system, equat ions............. 

generator, na\, intit ml peak dehnif ion,,. , . 

turbo, equal i»m\ . , . , .. 

inlial peak, tests 1 000, 
ma ximum equal ion 

tests,. ....... 

various external rear! 

anees,.. 

various externa! tv-i d * 
an res.... * • * 

momentary, detinitims. 
stray. (See. St ray Currents), 

in underground pipe, measurement, ... 

Dairy farms, use of electricity.. . , .. 

Dairies, output increase from vacuum grooming... . . , . 

Daylight, artificial, production.... . . , 

Depreciation, boilers..... 

buildings.... 

machinery ..... , . 

turbines, steam 


7 id 
70 * 

IPS 

■IPS 

742 
742 
742 
125 
45 
742 
2 b 
2b 
2 b 
2 b 
2b 
152 
117 
4-5 
142 
127 
127 
40 
sps 
bio 

1PPS 

2010 
1512 
K02 
sod 
soa 
sua 
1220 
IS 20 
182 H 
1S2S 

isia 
702 
1 isa 

1 IP7 
1 4P0 
1070 
1000 
1004 
1001 
1007 
1050 

1000 

1000 

1040 

14 40 
1007 
2000 
I a 02 
101 
101 
101 
un 
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Diaphragms, circular, vibration period, equation. 1409 

free vibration, lowest loads. 2179 

Dielectric energy equation... • - • • .. 

strength, (gee Name of Materia!). 

Disruptive e.m.f. for air. (See Air). iqca 

Distribute » 

g^ounded^’cirfrent and e.m.f. oscillograms. 1887 

phase relation, oscillograms..... ■ • 
relation between e.m.f. and resist- 

.. 

high-tension, capacity conto..^^.. 1884 

potentials when 

grounded. 188-. 

insulation resistance measurement. 

ioint weaknesses.... , q 0 q 

three-phase, potential equation. ^g 

d.c., efficiency. []*']** 478 

losses .*. 

feeders. (See Feeders). 1919 

protection.. 479 

high-tension, efficiency. 479 

losses. 4 g 2 

plant, losses..;. 1926 

ring system, protection, relays.. * • • .. 1902 

system, insulation resistance, clear day. 1904 

rainy day .. 

showery day. 

motor load, restrictions. 1807 

size regulation. ^gg-j. 

protection. 17 g 

circuit diagram- : . 1Q , 4 

interconnected circuits... 

Merz-Price system, possibilities- J 

Public Service Elec. Co. of N. J., insulation re- 

sistance measurement.. ■ •.. 

short-circuit current, equations. 247 

Diversity-factor, advantage. 246 

definition... 241 

isolated plant, Chicago. 240 

light and power, Boston. 944 

Chicago. 9 otr 

New York. ^Q 2 

railr ° adS 3 rd Avenue,’N.' y: Railways’.: ’. ’.!! '• '• '■ '• '■ ||7 

Brooklyn Rapid Transit... 907 

Hudson & Manhattan. • • .. 907 

Interborough Rapid Transit. 

New York Central, electric zone ..-••••• " 00 

New Haven & Hartford, elec- 

trie zone... 938 

Pennsylvania, electric zone.. 238 

steam.. 241 

Chicago. 905 

New York. 907 

railways, Public Service Corporation, N. J. 240 

street, Boston. 943 

Chicago. 90 K 

New York. 4 ^ 

Drafting room, illumination... 
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Duluth-Superior Harbor, coal handling plants. 709 

Dynamotors, losses. 1706 

Education, colleges. (See Colleges). 

industrial, Bridgeport school. 1352 

corporation schools. 1335 

functions. 1355 

defects present methods. 1362 

Fitchburg school. _. 1358 

fundamental requirements. 1350 

Government support, Alabama. 1.317 

Arkansas. 1317 

California. 1317 

Connecticut. 1317 

Georgia. 1317 

Illinois. 1317 

Indiana. 1317 

Iowa. 1317 

Kansas. 1317 

Maine. 1317 

Maryland. 1317 

Massachusetts.. 1317 

Michigan. 1318 

Minnesota. 1318 

Nebraska. 1318 

New Jersey.. . 1318 

New York. 1318 

North Dakota.. 1318 

Ohio. 1318 

Oregon. 1318 

Pennsylvania. 1318 

Texas. 1318 

Utah. 1318 

Vermont. 1318 

Virginia. 1318 

Wisconsin. 1318 

high schools, New York State. 1333 

laws of Massachusetts...1315 1321 

New York State Dept. 1331 

Ohio...... 1362 

organization... 1314 

outline scheme.... 1319 

Plato’s plan. 1361 

public schools, New York. 1327 

railroads, corporation schools. 1340 

Pennsylvania, telegraph school... 1356 

statistics.. 1345 

standpoint of individual. 1359 

use of factory equipment. 1357 

Efficiency, converters, measurement... 1697 

synchronous... 131 

curve, generator, 3000 kw. 669 

rolling mill motor. 668 

distribution, high-tension. 479 

transformers. 481 

dynamotors, measurement. 1697 

electrical machinery, calculation, summation-of-loss 

method. . 1702 

feeder regulators...'.. 481 

generators.. 131 

a.c. turbo, single-phase.123 157 

three-phase.123 157 

human losses in industry. 1350 

input-output method, disadvantages. 1708 
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Efficiency ( continued ) 

lighting, street, cluster system. 

series system. 

measurement, input-output method, accuracy. 

vs. separate losses method, 
separate losses vs. input-output method. 

motor-generator. 

measurement... 

motors, induction, 1300 h.p. 

commutating, regulator control. 

frequency changer. 

rheostatic control. 

Scherbius system. .2113 

small size. 

measurement. 

power plants, importance. 

prime movers, formula. 

rolling mills, commutating regulator. 

regulating motor control. 

reversing. 

rheostatic control.2073 

substation. 

transformers.. 

step-down. 

step-up. 


transmission line. 

high-tension... 

ttBrbines, water, Francis type.474 

Pelton type.474 


reaction, equations. 

watthour meters. 

Electricity, state of art, 18th century. 

use on dairy. 

farms. 

farms. 

stock farms. 

Electrical engineers. (See Engineers). 

Electrodynamometers, separately excited, current measurement. . . 

sensibility.1497 

tubular... 

advantages. 

construction.... 

design constants. 

disadvantages. 

performance. 

water-cooled, advantages. 

Electromagnet, discovery, date... 

Electro-physics, state of art, 18th century..... 

E.m.f., discovery, date.:.. 

electrostatic voltmeter with condensers.• •••<. . 

high-frequency, measurement.. 

measurements, electrostatic voltmeter.. 

high frequency.. 

values...1124 

spark gap and coil, calibration... 

with spark gap.* 

Energy consumption, coal mine service. 

railroad, freight, Chicago.. 

traffic, Chicago.. 

increase due to cold. .. 

passenger service, Chicago- 

switching service.. 

total.. 


481 

484 

1709 

1714 

1714 

478 

1697 

670 

2116 

2113 

2113 

2117 

1785 

1697 

489 

104 

2104 

2073 

680 

2104 

478 

131 

477 

475 
131 

476 
475 
475 

1957 

478 
1019 
2012 
1997 
1985 
1995 

1490 

1498 

1483 

1514 

1485 
1488 
1514 

1486 
1514 
1021 
1019 
1019 
1618 
2199 
2202 
2199 
1617 
1038 
2201 

740 

267 

267 

270 

271 

268 
268 
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Energy consumption, railroad (continued) 

transfer service.... • ■ 

trains, freight. . . . . .. 

suit eliiug. 

electric, cost;, analysis. 

apartment house plant . ... 

department store plant... 

effect of load. ..84.8a 

hardware manufacturing plant.. 

hotel plant . .. 

iron foundry plant.... 

locomotive works plant.... 

loft building plant. 

office building plant... 

railroad operation, ^... 

power station.. 

silk mill plant.... . ■ ..* .. 

steam plant..... 

production, concentration, advantages. . ... 

supply, apartment houses, cost.... 

department stores, cost.... 

hotels, cost... .......... .. 

manufacturing buildings, cost... 

office building, cost..... 

Engineering, definition...... 

electrical, definition... ; .. . , ...... 

Engineers, illuminating, character of work.. . ,.. 

occupation, importance.... . 

ownership of data...- . • *.. - . 

relation to client...« « 

employer.... 

fraternit y.... 

public... 

successful, requirements, ... ...... 

Engines, elevator, cost.... ..... 

fan, cost...... 

gas, cost.... 

spark plug polarity...... 

specific consumption... 

hoisting, cost— ..... 

oil, cost...... . . . 

steam, compound condensing, low speed, runt. 

non condensing, medium speed, cost,, , 

indicator, recording... 

sera]> value.. 

simple, high speed, cost.... 

low-speed, rust. ... 

Exciters, eharaetcrislies,..... 

choice of number of units.... , . 

commutating pole. 

characteristics, 
compound, stability. 

wound, vs, shunt 

design....... 

method of driving....... , . 

number, choice. ,,,,,,,, .. .... , , 

rating determination.... 

saturation curves.. , , , , ... 

shunt vs. compound-wound.. .. 

speed, practice.... 

use of storages batteries..... 

voltage practice.....,. . . 

range............. 


208 
1010 
101 1 

s;s 

41 
4 a 
NS 
44 
4 a 
44 
44 
4 a 

44 
t:tii 

;um 

4 a 
74 
228 
2fi 
2fi 
2b 
2fi 
20 

1027 

um 

1274 

1028 
2228 
2227 
*)227 
2220 
2220 
Io ;$2 

742 

742 

lb 

1088 
M\ 
742 
4 ft 
4 ft 
4,5 
742 
2108 
744 

45 
45 

1845 

1807 

1877 
1847 

1878 
1847 
IM4H 
1878 
1870 
1847 
1840 

1847 

1848 
1875 
1848 
1877 
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Ethics, code. 

history...;•*.**.. 

Fans, ventilating, acceleration characteristics. 

Farms, use of electricity.... 

Feedpumps. (See Pumps). 

Feed-water heaters, cost.. 

Feeders, protection, balance relay. ••••■ .iQ9gIio29 

magnetic balance system. iywy 

regulators, efficiency... 

losses.*. 

Filaments, carbon, color at different temperatures... 

effect of temperature characteristic.. 

maximum resistance in commercial lamps. 

resistance-candle-power characteristics. 

resistance-efficiency characteristics ... 

resistance-temperature characteristics. 

tantalum, color at different temperatures 

resistance-candle-power characteristics... . 

efficiency characteristics. 

power characteristics .... . 

temperature characteristics. 

tungsten, maximum resistance in commercial lamps.. . 

S resistance-candle-power characteristics. 

efficiency characteristics. 

power characteristics... .. 

temperature characteristics. 

Flour mills, frequency standard....’ *' 

F1UX distribution^Tnnature, d.c., brush position on oscillograph film 

calculated curve. 

effect of compensation. 

slots.. 

Goldsborough’s method.• • • 

neutral point location on oscillo¬ 
graph film.. 

shift with load. 

shifted position. 

testing apparatus. 

machine, d.c., calculating curve. 

effect of slots. 

Flywheel-motor-generator for design' 


2227 

2229 

552 

19S5 

742 

1922 

1930 

481 

481 

1529 

1529 

1527 

1527 

1527 

1526 
1529 

1527 
1527 

1527 

1528 
1527 
1527 
1527 

1527 

1528 
971 

1655 

511 

521 

518 

526 

513 


foundations 

induction motor, performance. 

inertia reduction. # . 

installation, wiring diagram. 

reversing mill drive, dimensions. •■••••• 
energy return by roll mo¬ 
tors, test. 

tests... 

starting apparatus, general design. 

'• -• •• • 


Foundations, boiler, cost..*. 

flywheel-motor-generator, reversing mili drive. 

Freight, tonnage handled in Chicago. 

Frequency, a.c. practice.•... 

changers. (See Converters). . 

commercial development, historical notes. 

values, table.. 


511 

517 

511 

512 
521 
526 

645 
547 

646 
670 
654 
651 

672 

677 

673 
650 

2097 

1001 

1002 

742 

45 

646 

272 

956 

974 

971 



Si 
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Frequency ( continued) 

effect on corona. 961 

generator design.955 980 

induction motor, cost. 965 

design. 964 

lighting. 970 

parallel operation. 957 

railway design. 969 

skin effect. 962 

switching. 970 

synchronous converter design.968 976 

motor, design. 966 

transformer design. 958 973 

transmission line design. 960 

Hertzian waves. 956 

light rays. 956 

lighting system, choice. 978 

lightning. 963 

measurement. 1595 

high values. 2212 

with power-factor meter. 1603 

meters. (See Meters). 

natural, transmission lines. 961 

sound, highest audible. 956 

lowest audible. 956 

standard, cement mills. 972 

central stations. 971 

flour mills .. 971 

mines. 971 

paper mills.'. 971 

railways. 971 

steel mills. 971 

transmission systems. 971 

standardization. 955 

historical notes. 974 

ultra-violet rays. 956 

wireless telegraph. 956 

x-ray.'. 956 

Furnaces, electric, arc, inventor.. 1179 

carbon electrodes, improvements. 1181 

design features. 1182 

earliest type. 1179 

induction type, invention. 1183 

inventor. 1179 

resistance type, invention. 1183 

tungsten-wound. 1226 

Galvanometer, differential for watthour meter test. 1552 

vibration, characteristics. 1250 

design. 1245 

energy efficiency. 1243 

phase-angle equations. 1253 

sensitivity. 1244 

calculations. 1246 

Generator, a.c. t characteristics, effect of excitation. 1842 

compensated, circuit diagram. 1853 

composite-wound.■. 1852 

e.m.f. equation. 1842 

excitation, booster system. 1866 

capacity. 1846 

effect of power-factor. 1844 

layout.. 1868 

problem. 1841 

range. 1845 
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enerator, a.c. ( continued ) 

high-speed, limiting capacity,.... 

induction, connection diagram...172 

design... 

for interconnection of small water y m 

ers... 

power-factor, variation with air gap, . 

squirrel cage, bibliography,.. 

stator windings... 

use with synchronous condensers. 

leakage reactances, discussion... 

losses. ... . *. 

saturation curves.. • 

self-exciting, Alexanderson type... 

short-circuit current, external resistance, advar 

tage... ....... 

initial peak, definition... 

test, equations. 

torque absorbed by rotor. 

equation... 

various resistances. 

single-phase, cost compared with three-pnase. , 
three-phase cost compared with single-phase... . 

turbo, critical speed, choice... 

dampers, effect.. 

losses. . : . 

induction, cost various power-tactors, . 

losses, test. .. 

rotor construction.1» 

stator construction. 

tooth ripples, test. 

use - : ; .. 

ventilation.■ _ 

vs. synchronous.1* 

losses, test.. ._. 

modern practice. 

reactance test. 

regulation, cost.. 


short-circuit current, equations ; . 

initial pea£, tes,s, 
various external 
actances. 
various external 
sistances. 
end turn stresses. 


various c 
ternal rea 


maximum equation.. . v • ■ 
momentary current, detmui 
value.. 


performance.* 

tests.. ■ v • ■ ■ • ; y." 

torque absorbed by rotur. 

calculation. 


equation. .. ■ • ■ <; ; lu *' 
maximum, equation., • ■ 

test.. yyy 

various values oi reac - 
ances. 

values of resist 
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Generator, u.c\, turbo ( continued) 

single-phase design compared with three- 


phase . 

efficiency.123 

losses.123 

speeds.. 


synchronous rotor construction.. 

three-phase design compared with single¬ 


phase. 

efficiency. 123 

losses.123 


transient reactance, test. 

winding pitch-factor.... 

acyclic, 2000 kw\, construction. 

construction. 

design.1813 

early construction. 

peripheral speed. 

saturation curves.. 

belted, scrap value. 

cost, effect of frequency. 

d. c., belt-connected. 

commutating pole, losses. 

cost. 

direct-connected, low-speed, cost. 

double-commutator, 6400-kw T . 

high-speed, direct-connected. 

losses. 

design, frequency effect. 

efficiency.. 

e. m.f., formula. 

flux distribution. (See Flux Distribution). 

frequency, effect on cost. 

insulation. (See Insulation). 

losses. (See Losses). 

parallel operations. (See Parallel Operation). 

protection, American practice. 

balance relay. 

relay characteristic. 

rating. (See Rating). 

unipolar. (See Generators, acyclic). 

ventilation. (See Ventilation). 

Glass advantages for high-tension insulators. 

Globes, dirty, light absorption. 

Ground wire, strenghtening effect.. ..933 

Heat conductivity, various materials. (See name of Material). 

flow, laws. 

Ohm’s law. 

Heating, apartment house, cost. 

building, effect of ventilation design. 

department stores, cost.. 

generators, turbo, loss per degree rise.. 

hotels, cost..... 

office buildings, cost.. 

Henry as a scientist. 

Hoist, a.c., limit switches, uselessness. 

mine, electrical control. 

connections.. 

installation, layout. 

power test... 

Hoisting, flywheel-equalizer plan.*.*. *. *. ". '.* 

favorable conditions. 

Hot-wire instruments. (See Instruments). 


119 

157 

157 

1645 

1727 

119 

157 

157 

1662 

1843 

1814 

1812 

1836 

1839 

1813 

1818 

744 

958 

45 

1705 

742 

45 

669 

45 

1705 

980 

131 

955 

958 


1911 

1922 

176 


2196 

359 

952 

1193 

1194 

23 
20 
25 

1739 

24 
24 

1019 

701 

685 

689 

690 
698 

5 

8 
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Hysteresis loops at non-magnetic temperature. 

measurement, high-temperatures, method. 

non-magnetic temperature.2031-2032 

loss at various temperatures.. 

sheet steel, effect of temperature. 

test, armature in place.. 

various materials at high temperature, tests. ........ . 

low temperature, tests... 

Ice load on transmission lines. 

Ilgner system. (See Flywheel-motor-generator). 

Illinois Steel Co., reversing mill, performance test. 

rolling mill installation, description. . . 

Illumination, drafting room. 

Impedance coils, construction. 

Inductance, coils in slots. ; . 

Induction, electromagnetic, law, discovery, date. 

Industrial education. (Also see Education). 

statistics. 

Initial peak, definition._. 

Instruments, electric, zero scale setting. 

electrodynamometer. (Also v see Electrodynamo¬ 
meter).. 

moving-coil type, characteristics 
stray field er¬ 
rors . 

overload characteristics. 

separately excited.1490 

tubular. 

electromagnetic, moving-iron type, characteristics.. . 

stray field errors. 

overload characteristics. 

horizontal shaft, limit of maximum weight. 

ratio of torque to weight. 

hot-wire, accuracy test. 

limitations... 

range of application. 

temperature coefficient. 

effects.. . 

indications, transmission to a distance... 

induction type, accuracy... : . 

characteristics. 

limitations. 

overload torques. 


theory.. ;• • •:' ': 

moving system, light weight, advantages .lo9 

recording capillary, ink feed. 

spark, disadvantages.. 

switchboard, readability, various scales.. 

scales, charges. ;**•••;, . 

space requirements, various types. 

wattmeters. (See Wattmeters). 

Insulation, cambric, maximum temperature. 

conductors, coal handling docks. 

cotton, maximum temperature... 

generators, acyclic, difficulties. .. 

mill motors, maximum temperatures. 

rubber, maximum temperature. 

varnished cambric, temperature. 

Insulators, lightning-proof-• • • ■ ■ • ■ * .. . 

line, cemented, specifications. 

corona, streamers effect. 

design feature. 

for lightning stresses. 


202S 



91*0 


059 

1301 

1134 

533 

1019 

1326 

1665 

1 r.v» 


1566 

1567 
1607 
1497 
14S5 

1566 

1567 
1607 
1567 
1567 
1593 
1599 
1591 
160b 
1604 
1537 
1566 
1566 
1599 
1607 
1571 
1602 
2105 
2105 
1570 
1601 
1569 

756 

725 

610 

1826 

612 

756 

756 

2140 

2165 

2204 

977 

2140 
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Insulators, line, design ( continued) 

test, outline.2100 2 084 

discharge theory. 2202 

elect rose, flash-over test... 2122 

high-frequency test. 2121 

failure from lightning. 2121 

glass, advantages...... 21 2d 

grounded pin, effect... 2214 

high-frcqucnev stresses. .2120 2177 

effects...,.... 2210 

theory.. 21 SO 

t ime element. 217H 

tests...2124 2122 

advantages... 2211 

testing, specifications. 2200 

inspection..... 2104 

factor.... 2104 

mechanical test.... 21 IS 

outline. . 2 I 01 

parallel test.. . 214s 

pin, grounded, effect. 2214 

porcelain, high-frequency test. 2120 

protection, arcing rods. 2220 

puncture stresses. .... . . 2202 

tests.... 21 is 

outline. 2104 

rain tests. 2M0 

effect of water quality... 2IS? 

specifications... . 2210 

surface conduction effect.. 2207 

suspension, arc-over, effect of moisture. 021 

e,rn.f., ra.leilh 1 1 i<*ns compared 

with tests. ...... 0 12 

drv... Oil 

wet.. . . v . 04 1 

% tests compared with 

calculations,, , , 012 

tests . , , .. 012 011 

various types. .. 045 

capacity distribution, calculation. .... OtK 

equation.. , 021 

measurement. . ... 025 

■ characteristics, calculations . 022 

compared 

with tests 027 

tests compared with 

calculations. . , 027 

various types,,. , , , , 21 .VI 

classification. . ..., 2152 

disk spacing. ... 2 i S2 

effect of grounding on dielectric 

strength, ,. , .. 2225 

electrical characteristics,007 
e.in,f, distribution. 2174 

calculation,. 0U7-Ol 0 024 

equations,... ...... 021 

high frequency. .... 010 

tests. , .. Oil 

glass, advantages. ... 2107 

test, ......._ ; _......... 21 OH 

hook and loop connection, comments,. 2181 

performance test. .. 008 
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Insulators, line, suspension, performance test (continued) 

compared with calcu¬ 
lations . 

Los Angeles Aqueduct 

rain test.*. 

specifications outline. 

string efficiency, definition.. .911-2170 

equation. 

ratio, definition.2170 

test, precautions... 

_ results, Ontario Pwr. Co. 

testing equipment. 

types, capacity. 

flash-over voltage. 

limitation. 

test, Ontario Power Co., requirements. 
testing equipment, Ontario Power Co.. 

errors. 

high-frequency method. 

methods.2208 

plant, specifications..2160-221S 
specifications. .2160-2183-2219 
'wave-form distortion. 


946 

944 

2146 

2183 

2182 

922 

2172 

909 

2156 

2145 

168 

167 

167 

2150 

2144 
2217 
2138 

2145 
2185 
2221 
21S6 


strain, tests, Ontario Power Co. 

testing plant, specifications. 

wave-form distortion. 

Ionization, free, effect on corona. 

from central wire, properties... 

corona.. 

Ions, travel, distance, parallel wires.. 

Iron, cast, resistivity, electric. 

critical magnetic temperature. 

hysteresis at high temperature, tests... 

losses, calculation... 

due to tooth frequency, formula.. 

Irrigation, humid districts, feasibility.. 

pumping loads, Mt. Whitney system, Southern Calif.. . 

Pacific Pwr. & Lt. Co., Wash. 

San Joaquin Lt. & Pwr. Corp., South¬ 
ern Calif. # . 

XJ. S. Reclamation Service, summation of work. 

Labor conditions, European.. 

classification by Tolstoi. 

cost, coal mine power plants. # . 

skill, European compared with American. 

Lamps, carbon as resistors. 

commercial types, candle power ranges. 

relative size.... 


design for low frequency.. 

incandescent as resistors. 

blackening by mercury... 

Edison effect. 

life, effect of temperature, 
radiometer pressure gage. 

tantalum as resistors. .. 

testing, four-lamp bridge. 

tungsten as resistors. 

life. 


1527 


Lead, density. ■•••••■• •-:. 

Leakage reactance. (See Reactance). x 

various machines. (See Name of Machine). 

Light, absorption by dirty glassware. 

colored, frequency. 


frequency. 


2158 

2159 
2186 

1099 

1100 
1094 
1112 
1176 
2034 
2084 
1804 
1807 
1994 
19SS 
1989 

1993 

1991 

1310 
1352 

742 

1311 
1527 

1258 

1259 
979 

1525 

1209 

1211 

1215 

1212 

1527 

1530 

1534 

361 

1227 


359 

956 

956 
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Lighting, banking room, design, description.*. 

colors, relative importance. 

cost, effect on labor efficiency. 

relation to wages. 

depreciation, causes. 

design, absorption method. 

flux method.•_. 

required, calculation. 

method of procedure. 

point-by-point method. 

effect of frequency. 

on eye. 

wages.. 

esthetic principles. 

factories, classification. 

effect of dirt accumulations. 

on efficiency. 

on workman efficiency. 

tungsten systems, data... .. 

efficiency. 

lamp spacing, chart. 

loss due to dirty glassware. 

reflectors. (See Reflectors). 

shadows, consideration... 

street, classification of service. 

cluster system, efficiency. 

losses.. 

glassware cleaning. 

ideal light distribution. 

loss by dirty glassware. 

present practice. 

principles. 

requirements.^. 

series system, efficiency.... 

losses.. 

tungsten, experience. 

maintenance cost. 

systems available.. 

Lightning arrester, aluminum, d.c., care. 

circuits, installation. 

railway car protection, experience... 

antennae purpose.. 

arcing ground suppressor in cables. 

compression chamber type. 

characteristics— 

development, tests, outline. 

discharge recorders. 

endurance test. 

ground connections, specifications.. 

magnetic blow-out, arc chute, design. 

current oscillograms.. .873 

design. 

e.m.f. oscillograms.873 

new type. 

pole type, installation specifications... 

railway car, location. 

choice of type.... 

types.... 

resistors with by-passes. 

series resistance, use. 

resistor, design... 

disturbances, automatic recording. 

line insulators, suggested investigation... 


1283 

1277 

1304 

1271 

1265 
1283 
1282 
1290 
1281 
1282 
1970 
1279 
1270 
1274 
1258 

1266 

1264 
1295 
1262 

1265 
1260 

359 

1277 

345 
481 
481 
350- 

347 
359 

340 

341 

342 
484 
484 
358 

348 

346 
950 

867 
862 
814 

1886 

812 

813 
822 
846 
816 
821 
870 
885 
869 
885 

868 
819 
856 
865 
851 
818 

814 
872 
845 

2141 
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Lightning disturbances ( continued ) 

railways, experience. 

potential...... . 

protection, insulators arcing rods.. ; 

railway cars, effect of wiring.. ... 

Lightning-proof insulators... 

Lines, pole. (See Pole lines). 

Load curves, apartment hotel. 

house.31-82 

automatic telephone, private branch exchange,.. 

Boston Edison Co.. 

total, daily... 

Brooklyn Edison Co., daily. • 

Chicago total, daily.. ■ 

coal mines.. 

Commonwealth Edison Company. -o4 

department store.84. 

hotel.*. 

iron foundry.*. 

isolated plant, Chicago ,daily. 

service.. 

jute mill. . . 

light and power, Boston, daily. 

Chicago, dailv... 

New York, daily. 

loft building... 

Mercantile Building. 

New York Edison Co. 

daily. 

total, daily.• * ■;' 

office building.. oD 

Public Service Corporation, N. daily.. 

railroad, 3rd Avenue, N. k. systems, daiH. 

Chicago Elevated, daily.... 

freight traffic, daily... ■ ■. 

electrified steam roads, N. Y., daily.. 

Hudson & Manhattan, daily. ■••*** 

Interborough Rapid Transit system, Ps. x.» 

New York Central, electric zone, N. 

N ft; H. & H., electric zone, N. Y-, daily 

Penn.’electric zone, N. Y., daily. 

Public Service Corp’n, daily.— 

steam, Chicago, daily.v ' ’ VV' “ 

passenger service, dau\- 

street, Boston, daily.*. . ’ 

Chicago, daily.. 

New York, daily. 

sugar mill. 

diagram, rolling mills...V V *.. ’ *_ 

Load-factors, Boston E<Lson Company, dail>.. •. 

light and power, daii\. 

Brooklyn Edison Company^y •••••■** ’ * *' * ' ’ ’ ' 


coal mine service.. 

ComSSSttEito” ^CtogV. S • ■; 

effect of coal mine operation, cost. 

on cost of electric energy... 

isolated plant, Chicago. . 

light and power, Boston. 
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Load-factors, light and power ( continued ) 

Chicago. 241 

annual.. . 245 

daily. 249 

New York. 235 

Public Service Corp’n, daily. 252 

New York Edison Co. 236 


daily. 252' 

Public Service Corporation, N. J.. 236 

railroad, 3rd Avenue, N. Y. 237 

daily... 252 

Boston, dail} r . 251 

Brooklyn Rapid Transit Co. 237 

daily. 252 

Chicago, daily. 251 

freight service, Chicago. 266 

traffic, Chicago.244 269 

Hudson & Manhattan. 237 

daily. 252 

Interborough Rapid Transit Co. 237 

daily. 252 

New York Central, electric zone. 238 

daily. 252 

N. Y., N. H. & H., electric zone, . 238 

. daily...... 252 

.Pennsylvania, electric zone. 238 

daily.. 252 

steam. 238 

Chicago.!.’!!!* 241 

„ t aiI y.. 249 

Aew \ ork. 235 


passenger service.. 244 

railways, street, Boston. 

daily. 

Chicago.24i~243 

annual. 

daily. 

New York City. 235 

Public Service Corp. . 

relation to cost of energy production.. 
telephone operator. 

Localizer, definition. . 

Losses, converters, synchronous_. ’. . *. 

core, generators, induction, effect of* magnetic wedges 

damper, generators, turbo. * ** * 

dynamotors.*. 

frictional, electrical machinery, measurement.. 

measurement... 

motor-generators_ 

generators, a.c.* *.•. 

acyclic.. 

d.c. **’**' . 

commutating pole. ...*.*.**.".**’. 

turbo, bearing and windage." ... ... 

copper...* . ~. 

stator core. 


iron. (See Iron). ... 

lr . a e ^ c ^ ca -l machinery, measurement, 
load, motor-generators, correction factors 
motors, d.c., correction factors 
motor-generators. 


d.c. induction, 


278 

240 

253 

249 

245 

249 

237 

237 

82 

424 

1881 

1706 

1739 
1806 
1706 
1699 
1699 
1697 
1705 
1819 
1705 

1705 

1740 
1740 
1740 
1740 

1701 

1715 

1716 
1697 

1706 
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Losses, motor-generators ( continued) 

frequency changer. 

induction, d.c.... 

synchronous-direct current. 

motors, a.c. commutator. 

d.c... ;;;;;;;;;;;; 

commutating pole. 

induction, cage secondary. 

wound secondary.* 

synchronous. 

rotational, electrical machinery, measurement.. 

Lubrication difficulties, generators, acyclic. 

requirements rolling mill drives. 

Machinery depreciation. 

Manufacturing, value of space for power plants. 

Measurements, electrical, transmission to a distance. 

Meter, frequency, theory. .. . . 

power-factor for frequency measurement. 

watthour, losses.. 

Milking machines, power requirements. 

Mills, cement. (See Cement Mills), 
flour. (See Flour Mills), 
paper. (See Paper Mills), 
steel. (See Steel Mills). 

Mines, coal, central power plant, advantages..749 

station vs. private plant. 

cost of energy production. 

purchased. 

effect of voltage fluctuations... . 

electric cutter, saving. 

energy consumption. 

equipment, power requirements. 

hoisting problem, features. 

load characteristics.. 

load curve. 

operation central station, advantages. 

cost, effect of load-factor. 

power plant, equipment cost. 

requirements.738 

primary operation. 

pumps, cost... 

uses of electricity. 

electric, frequency standard. 

hoisting, flywheel-equalizer plan. 

lamps, flicker, frequency, relation to eye strain. 

M.m.f. distribution, armature, d.c., full load. 

d.c. machine no load. 

due to armature distribution. 

field coll distribution. 

Motor-generators, acceleration characteristics. 

cost. 

input-output measurement, accuracy. 

test, circuit diagram.. 

load losses, correction factors... 

losses. 

(Also see Losses). 

starting torque with new oil and bearings. 

synchronous, efficiency... 

torque required to start. 

Motors, a.c. commutator, losses. 

(Also see Losses). 

rolling mill drive.. 

speed regulation. 


1706 

1706 

1706 

1704 

1704 

1703 

1704 
1704 
1704 
1700 
1822 

649 

101 

62 

1559 

1597 

1603 

478 

1998 


751 

747 
745 

745 

748 
2 
9 
9 

4 

740 

11 

10 

748 

742 

746 
1 

742 
2 

971 

5 

978 

520 

520 

515 

515 

554 

743 

1709 

1710 
1715 
1706 

555 
478 
554 

1704 

2091 

2092 
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Motors, a.c. commutator ( continued) 

use with induction motor and flywheel.. 

induction, braking d.c.. - 

vs. a.c.. 

torque, calculation. 

curves, calculation. 

with alternating current. 

cage secondary, losses. 

cost.743 

current locus, proof. 

demagnetizing effect of secondary current.. 

design, effect of frequency. 

efficiency. (See Efficiency). 

electric braking. 

mill-type, wound secondary, characteristic. 

performance curves. 

power-factor. (See Power-factor). 

reactance calculation.•. 

single-phase, analysis of performance. 

circle diagram. 

center locus.... 
data necessary. 

proof. 

current equations with short- 
circuited secondary.. 

equations. 

equivalent reactance. 

transformer. 

locked point, location. 

locus diagram, proof. 

performance calculation. 

effect of prim¬ 
ary reactance, 
secondary currents, no-load.. 

slip calculation.. 

small size, performance.. 

speed calculation. 

starting torque equations 1758 

transformer theory. 

vector diagrams. 

speed-torque calculation, variable resist¬ 
ance. 

curves, variable secondary re¬ 
sistance.615 

equations, variable secondary 

resistances. 

starting characteristics, variable secondary 

resistance. 

conditions in cotton mill. 

two-phase, circle diagram. 

analysis. 

equivalent circuits. 

torque start equation. 

weight, effect of frequency. 

wound secondary, losses. 

synchronous, acceleration characteristics, tests. 

with damp¬ 
ers ...548 
without 
dampers., 
effect of varying exciting 

current._. 

air-gap choice..... 
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575 

1749 
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630 
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1793 

1761 
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1783 

966 
1704 
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Motors, a.c. synchronous ( continued) 

amortisseur winding, calculation. 562 

design. 586 

compared with induction motor.' 593 

design, effect of frequency. 966 

effect of varying exciting current. ; . 554 

end connection reactance, calculation. 580 

field connections at starting. 540 

half-speed running, explanation.587 692 

induction of coil in slot. 533 

laminated pole, induced e.m.f., test. 590 

vs. solid pole. 591 

leakage reactance, calculation. 562 

losses... 1704 

reactance calculation. 575 

rotor losses, calculation.. 562 

resistance, calculation. 562 

slot pitch, choice. v . 602 

single-phase, reactance, calculation. 584 

solid pole, induced e.m.f., test. 590 

vs. laminated pole..... 590 

speed-power-factor characteristics, 

solid pole.. .551 553 


characteristics with 

dampers 548 549 

characteristics without 


dampers.... 550 

speed-torque characteristics, solid poles 551 552 

with dampers 549 

without 

dampers. .. 550 

starting characteristics, assumption. 555 

effect of hysteresis 534 

laminated poles 
with dampers, 

calculation. 557 

with dampers. 548 549 

without dampers* 

test. 542 

connections.540 600 

star vs. delta. 537 

current, calculation.565 598 

design for uniform torque. 535 

to reduce phase unbalance. 537 

effect of higher harmonics. 538 

mutual inductance. 532 

phase unbalance.. 536 

reversing excitation. 539 

self inductance. 532 

temperature. 541 

non-uniformity of torque. 534 

power-factor, effect of rotor re- 

* . . t? a r* e a i~r 


rotor input, no dampers. 544 

squirrel cage, copper-loss equa¬ 
tion. 599 

torque, effect of rotor resistance. . 545 

solid poles, calculation... 555 

tests, without damp- 


542 543 
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Motors, a.c. synchronous ( continued) 

stator reactance, equation. 584 

formula. 557 

tooth tip leakage, calculation. 582 

definition. 533 

effect of short pitch. 583 

zigzag leakage, calculation. 581 

definition. 533 

effect of short pitch.. . 583 

d.c., 4000 hp., design data. 668 

armatures. (See Armatures). 

braking, possibilities. 641 

commutating pole, losses. 1703 

mill service. 621 

steel mill service. 625 

compound, mill-type, characteristics. 611 

load losses, correction factors. 1716 

losses. 1704 

rolling mill, 2000 hp., dimensions. 666 

efficiency. 668 

series, mill-type, characteristics. 611 

steel mill applications. 619 

efficiency. (See Efficiency). 

electric vs. gasoline. 2005 

flux distribution. (See Flux distribution). 

gasoline vs. electric.. 2005 

insulation. (See Insulation), 
losses. (See Losses). 

mill-type, specifications. 606 

railway, armature speed, choice. 211 

control. (See Control). 

field method, advantages. 221 

gear, ratio, choice. 211 

heating, effect of gear ratio. 228 

rating. (See Rating). 

intermittent service. 609 

weight reduction by ventilation. 207 

methods. 205 

Multi-recorder,'circuit connections..840-841 848 

■ construction.. 838 

design difficulties. 835 

for diagnosing trouble in power stations. 831 

testing motormen. 833 

theoretical investigation. 833 

operation principles. 842 

pencil type, record. 836 

printing type, record. 837 

Mt. Whitney Power & Electric Co., map of territory.. 1987 

Nickel, hysteresis at low temperature, tests. 2048 

Oats, production, various states. 2010 

Oersted’s discovery, date. 1019 

Ohm’s law, heat flow. 1194 

Oil, dielectric strength, various temperatures. 333 

Oscillograph, use in corona loss testing. 1049 

Ozonators, Berthelot. 989 

General Electric. 993 

Gerard. 990 

Otto. 991 

sales. 996 

Siemens & Halske. 989 

Ozone analysis. 994 

chemical properties. 994 

gompressed, properties— .. 994 
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Ozone ( continued ) 

discovery, date. 

explosive properties. 

generators. (See Ozonators). 

magnetic properties. 

production, chemical process. 

electric, theory. 

electrolytic. 

electrostatic. 

slow oxidation. 

Pacific Power & Light Co., map of territory. 

Paper mills, calenders, drive, cost various methods 

engine drive. 

group drive. 

power requirements. 

sheet, power requirements.. 

single-motor drive. 

two-motor drive. 

finishing machinery, electric drive- 

frequency standard. 

platers, construction. 

power requirements. 

sheet calenders, construction. 

super calenders, driving requirements. 

Parallel operation, alternators. 

division of current. . 


load.458-465 

control. 

effect of field adjustment. 

power-factor. 

effect of field adjustment.452 

frequency.. 

governor adjustment.452 


generators, cross currents, various external re¬ 
sistances. 

turbo, cross currents. 

stations, a.c. 

design. 

effect of governor adjustment. 

line constants. 

multiple circuits. 

synchronous machines, effect of field adjust¬ 
ment. .... .._. 

transmission lines, protection.- ■ 

circuit diagram 181 

Peak-factor, definition... 

Pelton wheel. (See Turbines). 

Permeance, air gap, d.c. machine..... • • * 

Permeability curves, electrical steel. iDid 

measurement with alternating current. ...... . 

limitations. 

Pipes, underground, resistance measurement. 

’ wood stave, friction losses.* * 

Piping, power plant, cost. b 

Platinum, melting point..... : • .. 

radiation at melting point. 

resistivity, electric. 

" Pogonit,” definition. 

Pole lines, construction, cost.. 

joint operation... 

easements. 

joint operation, agreement. 

, construction. 
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Pole lines, joint operation {continued) 

distribution of shares, schedule 

electrical hazard. 

elimination of waste. 

maximum voltage. 

numbering system. 

operating records. 

organization. 

practical results. 

regulations. 

saving.. 

State laws.... 

tree trimming. 

Poles, butt rot, effect of concrete casing. 

cedar, market price. 

Eastern white cedar, rate of decay. 

installation cost. ; .. 

Lawson cypress, properties. 

strength. 

Port Orford cedar, properties. 

strength. 

rot, theory. 

strength, modulus of rupture, formula.. 

test specimens. 

testing apparatus. 

tests, deflection, correction factor. 

timber, destructive influences. 

transmission supply, Pacific Coast. 

western cedar, classification. 

properties... 

rate of decay. 

specifications. 

strength. 

red cedar, causes of weakness. 


Power consumption, calenders, paper.1965-1966 

sheet... 

coal handling docks..728-729 


milking machines. 

mine hoists... 

railroads, increase due to cold.270 

reversing mill, analysis.675 

test.674—675 


rolling mills. 

steel mill, roller tables., 

trains, freight. 

switching 

requirements, calendars, paper. 

sheet. 


coal handling, bridge tramway.717 

cable car. 

dock..... .. 

man trolley. 

mines.9-738 


cream separators.... 

dairy farms. v '. . . ■ 

milking machines. 

mines, hoisting plant, tests... 

platers, paper mills.... ... 

railroads, freight service. 

Chicago...266 

reversing mills. 

test.. 
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507 
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495 
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495 
501 
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431 
498 
435 
435 
435 
435 
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435 

432 

433 

434 

430 
429 

437 
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435 
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1969 
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735 

1998 

1998 

698 

278 

676 

676 

2069 
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1010 

1011 

1964 
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718 

718 
710 

719 
746 
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1998 

1998 

698 
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274 

271 
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674 
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Power requirements ( continued) 

rolling mill.67S-679-6S0 

steel mill auxiliaries.. 

trains, freight... 

various machines. (See name of Machine •. 

Power-factor, compensation with commutator machine.. 

corona loss.. 

effect on alternator excitation. 

generator, a.e. induction, variation with air-gap., , . 

motor induction, 1300 h.p. 

small size.. 


speed regulator. 

rolling mills, commutating regulator control. . . 

rheostatic control.. 

Power-plants, coal mine, operating force... 

economy, effect of over-load efficiency. 

efficiency, .importance. 

exciter layout.... 

hydroelectric, hydraulic losses.. 

losses, distribution. 

isolated, apartment houses, log sheet. 

cost of operation. 

design, effect of heating... 

refrigeration p.ant..., 
factors. 


general... 

fuel costs, New York City. 

h.p. in New York City. 

industrial, log sheet v . v . 

labor cost, New York City. 

location of machinery.. 

number in New York City.. 

office building, log sheet. : . 

operation, general conditions. 

repairs. 

Lehigh Navigation Electric Co., announcement. . .. 

operation, labor problem. . 

machines run at lull load... 


protection, circuit diagram. 

single-phase generator, cost. 

superintendence, cost.. 

thermal efficiency. 

three-phase generators, cost....• * • 

three-unit, cost compared with two-uni. 
two-unit cost compared with three-unit, 
wind-mill.-. 


Potentiometer, Drysdale, a.c. 

Pratt Institute, curriculum..... 

student statistics.■.y ■ *i 

Prime movers, efficiency at over-loads, effect on 

foundation, cost.. 

losses, classification. 

Producers, gas, cost.. .. 

Professional work, definition.....■ •; • • ■ .. 

Protection, feeders, magnetic balance . 

transformers.* • v : • • v . 

transmission lines, limiting iaetors. 

Pumps, centrifugal, acceleration characteristics... 
v starting characteristics. 


192S-1S29 


cost.. ... 

feed, cost... 

water, scrap values.. 

turbine driven, power-speed characteristics 



: i y j 


670 
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472 
4S2 
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40 
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45 
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Radiation, bright metallic surface, formula... 

copper, room temperature... 

platinum, room temperature... 

Wien’s law. 

Radiometer for vacuum measurement. .. 

Railroads, acceleration (also see Acceleration) economical.. 

braking, economical. 

ears (See Cars) 

coasting, economical.* .. 

economics, limitations... 

electric, a. e. lightning disturbances vs. d. o. ... . 

single-phase compared with d.c,. .. 

cost compared with da.. . , , , 
economy compared with d.c, 
substation system.... 

merits compared with d.c. 

armature speed, choice.. 

car, dead weight.. . 

mileage. 

cost, single-phase energy. • 

d.c. cost of energy. .. 

lightning disturbances vs. a.e. 

economies...■ • 

energy consumption. *. 

effect of gear ratio. 

purchase, advantages. 

reasons.. 

freight service, acceleratem ■ « 

tractivc >in si . 
energy consumption. 

power eousumpt i< »n. . 

ratio oi revenue to train weight. . 

speed time curves, . .. 

tests.. 

tractive effort t ime curve:. 

frequency, choice. 

standa.nl,.... .. 

gear ratio, choice. . 

city service. .. v ■ 

effect; on energy consumption 
heating 

internrhan service, . 

surhurhan service. 

power compared wit h sfea.ru, met hod 

protective apparatus.. 

reduction of dead weight ,. 

switching service, energy consumption. 

power consumption .... , 
electrification, bibliography, 

Chicago, freight service load. 

group operation, map 
passenger service, analysis . 

load. , 

power requirements, analysis. , 
saving of unified system over 
group system 
switching service load. . 
unified system, map 

saving of coal.... 

KOiie, map, Chicago,....... 

steam, power requirements. .. ... 

Rain gage construction,.. 

nozzles for insulator tests, .... .. • 
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Rates, central station, coal handling, dock service. 

mining plants. 

service, general principles. 

electric energy, railroads, Chicago. 

railways, street, Chicago. 

irrigation pumping, Southern California. 

rural service, Southern California. 

Rating, calculation, intermittent service. 

conduit ducts._. 

machinery, definition.- -. 

motors, root mean-square methods, defects. 

Rays, light, frequency... 

Reactance, cables, calculation.^ ; . 

conductors in rectangular slot, calculation.... 

round slot, calculation.. 

leakage, motors, synchronous, calculation,.. . 

motors, synchronous, stator, formula. 

transformers, calculation... 

Reactors between line and transformer, danger. 

hysteresis losses, errors. 

iron core, design. 

eddy-current errors. 

pancake winding design. 

protective, design. 

constants. 

for 20,000 kw. generators — 

vs. internal reactance. 

Reclamation, U. S. service, summation of work. 

Recording wattmeters (see Wattmeters- 

Reflectors, cleaning, cost... 

designed for desk lighting. 

Regulation, electrical machinery, measurement. 

e.m.f., booster control. 

Tirrill regulator.-. 

Regulators, Chapman, method of operation. 

e.m.f., exciters for use with. 


Thury. 

construction 


Tirrill, circuit diagram 


for controlling two 


generators 
compensation for line drop, 
constant exciter e.m.f. 


large systems. 

method of operation. 

protection against short-circuit 

Relays, American practice, review... 

application, Amencan practice. 

balance system. 

current balance system. . 

definite time-limit, charactenstics. 

disadvantages in large systems. 

e.m.f. balance system... ■ ■ •. 

Faye-Hansen and Harlow system. 

generator protection. 

ag 

selective, characteristic. 

magnetic balance system. 

Merz-Price system . 

application. 

e.m.f. balance. 

magnetic balance. 


or 



. . 2036 

. 2044 

1991 

. , . 1269 

1.2 S-8 
, .. 1699 

. ., 1854 

1864 
.,. 1879 

. .. 1862 
1863 
,.. 1854 

lore 

... 1857 

... 1857 

... 1861 

. 1858 

. . . 1855 

. . . 1858 

1911 
. 1911 

... 1915 

.. . . 1915 

176 
ISO 
. . 1917 

. . 1929 

176 
1928 

178 
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Relays, Merz-Price system ( continued ) 

type. 1918 

used with overload in ring system. 1926 

overload, used with balance in ring system. 1926 

protective, accuracy, requirements.195 197 

inventor. 192 

transformer protection. 1771 

Report, board of directors. 2231 

finance committee. 2246 

library committee. 2238 

Resistance, a.c. compared with d.c. measurement. 1501 

measurements, a.c. and d.c. method. 1508 

busbars. 1470 

closed circuits. 1467 

underground pipes. 1474 

thermal, conversion factors. 1197 

new unit. 1195 

Resistors, filament lamps, characteristics. 1527 

for lightning arresters. 818 

lightning arrester. 872 

tungsten, application. 1537 

Rheostats, water, choice of solution. 704 

construction. 692 

electrode area.694 702 

evaporation energy. 703 

level regulation. 693 

resistance, effect of temperature. 695 

salt, solution for best results. 692 

three-phase, plate arrangement. 695 

volume determination. 696 

watts per unit volume... 696 

Rolling mills, cooling, relation of surface to cross section. 2060 

direct pressure, definition. 2055 

drive, motor, a.c. commutator. 2091 

efficiency (see Efficiency) 

European practice. 655 

flywheels, disadvantages. 2097 

hand-operated speed, relation to thickness of metal. 2069 

indirect pressure, definition. 2055 

load diagram. 2065 

motors, d.c., 2000 h.p. dimensions. 666 

inertia reduction. 666 

size determination. 2061 

pass sections, typical.2057 2058 

power consumption, calculations. 2063 

cold work. 2060 

effect of chemical ■ composition 

of steel. 2060 

density of steel. 2060 

displacement pressure. 2055 

temperature metal.... 2058 


relation to section reduction... 2064 

copper losses.675 676 

for acceleration.675 676 

work.675 676 

friction and iron losses.675 676 

required to displace metal, characteristics_ 678 

requirements, determination. 2051 

pressure required for different temperatures. 2059 

reversing, Algoma Steel Co., description. 645 

bearings, requirements. 649 

electric, first American. 659 
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Rolling mills, reversing, electric, first {continued) 

European. 

energy stored in rotating parts. 

general layout.. 

generators, general requirement 
motors, general requirements... 

performance test. 

power requirements. 

time of reversal, tests. 

vs. three-high... 

rheostatic characteristics, speed control.. 
speed control, commutating regulators .. 

char 

multi-winding motor, 
regulating motors, numfee; 

tion. 

requirements... 

rheostatic method. 

steam driven, testing method. 

Rotors, reactance, calculation. 

Rubber insulation, maximum temperature.. ... 

San Joaquin Light & Power Corp., rural service. 

Saturation curve for armature core.. 

Schools, industrial, classification. 

corporation functions. 

Fitchburg school. 

N.Y. Edison Company. 

Telephone Company. .. 

organization. 

Pratt Institute. 

railroad, courses taught. 

organization. 

New York Central. 

Pennsylvania. 

statistics. 

Wentworth Institute- : . 

curriculum.. 

Seattle Munic. Lt. & Pwr.'Co., plant description. 

Short-circuit currents (See Currents) 

torques (See Torques) 4455 il $9 

Siloxicon, discovery.. " ' 427 

“ Silver thaw,” definition. 962 

Skin effect, equation.; • • :. ... 1025 

Smithsonian Institution, organization ... •■•••_ .. 1420 

Sound absorption, reaction upon soundin B boa>. _ 9513 

highest audible, frequency.'; ;; ;. Q56 

lowest audible, frequency.. 

Sp„k- EW , calibration, effect of gjg-gj. 

effect of time. 

polarity for ignition purposes. 

Spark-plug, gas engine, polarity - ..»' ’' 

Squirrel cage winding (see Y mdings) 

Stators, reactance, calculation.... ■ • • • *. 

Steel, high-silicon, exciting current, test. 

mills, a.c. vs. d.c. auxiliaries. 

auxiliary motors, |;!;! 

power requirements..• • • 

commutating pole motor, performance. 

d.c. vs. a.c. auxilaries. 

frequency standard. 


■ 66 7 
661 
64 S 
64 8 
673 
647 
656 
6S3 
2104 
2096 
2104 
2074 

2115 
2 Cl 6S 
2071 
2101 
575 
756 
1S9 2 
524 

1313 
1355 
135$ 
133S 
1335 

1314 
1324 
1346 
1346 
1340 
1342 
1345 
1328 
1330 

471 


.2215 


210 

'201 

2*224 

loss 

108S 

576 

1496 

624 

605 

606 
609 
621 
624 
971 
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Steel, mills ( continued) 

roller table, power consumption with oil. 613 

without oil. 613 

rolling (See Rolling Mills) 

suitability of d.c. motors. 619 

voltage conditions. 624 

silicon, effect of transformer losses. 973 

tungsten changes at high temperature, tests. 2048 

Stock farms, use of electricity. 1995 

Stray currents, corrosion, test. 1172 

measurement. 1449 

with Haber’s ammeter. 1478 

source identification. 1461 

underground pipes, measurements. 1464 

testing outfit. 1462 

Street lighting (See Lighting) 

Strength, various materials (See name of Material) 

String efficiency, definition. 911 

Sturgeon’s discovery, date. 1021 

Substation, all-day efficiency. 478 

cost. 132 

efficiency, effect of load-factor.!. 116 

indoor construction. 324 

labor and supplies, cost. 117 

maintenance cost.. 117- 

meter losses. 478 

operation cost. 117 

outdoor, design. 325 

effect of moisture. 326 

sun heat. 328 

operation. 334 

transformer type. 329 

protection, Merz-Price system. 1925 

railroad, advantages... . 305 

synchronous converter,losses. 117 

transformer losses. 117 

Surges, artificial line, experiments. 191 

Switchboards, cost. 45 

telephone automatic call distributing, advantages.. . 424 

description.. . 408 

reduction of 
multiple 

jacks. 420 

manual multiple, description. 405 

operation. 406 

Switches, air controlled, cold weather troubles. 734 

air-operated, advantages. 724 

Switching, effect of frequency. 970 

long transmission lines, tests. 889 

Synchronous generators (See Generators) 
motors (See Motors) 

Tantalum, resistance-temperature characteristics. 1528 

Telegraph, central battery system, polarized sounder. 1433 

Henry’s invention. 1023 

induction, circuit, _description. 1430 

closed circuit to open repeater. 1445 

open circuit to open repeater. 1445 

system.'. 1434 

invention, date. 1023 

inventor. 1023 

repeater, induction system. 1436 

sounder, polarized type. 1431 

U. S. Army, induction outfit... 1429 

wireless, frequency. 956 
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.. 386 

Telephone, automatic, power consumption. •••••■■ .. 390 

F onvate branch, advantages. *••***•*, 

exchange, apartment house 

advantages. 30/ 

apartment house 

description... 3oo 

circuit diagram. 3/6 

commercial, ad- 

vantages. 369 

description. 37U 

cost...... . 3So 

depreciation... . 
energy supply.. 375 

Ill. Tunnel Co., 

description.. . 4UU 

maintenance 

cost. 3So 

speed of connec¬ 
tion. 331 

traffic perform- 

ance.. 3bJ 

sphere... 381 

trouble record. 394 

diaphragms, free vibration, lowest loads.{4 05 140 S 

temperature effect on vibration period.. 1420 

variation of inductance and resistance. .. 142 

vibration, amplitude current characters- 
v ibration, a frequen cies.... 1402 

forces, equation. 1399 

test. 440 

line, erection. 439 

pole spacing.... 386 

manual, power consumption.• • •;. 334 

private branch exchange, cost . 38 7 

depreciation. 385 

life. 3b o 

traffic delays. ^391 

office building, design of conductors. 13n 

estimating .. 493 

operator, efficiency, ^fo^^posltions handled'. .422 

load-factor.‘ ‘ ’ 387 

switchboards (See Switchboards) _ _ 411 

traffic, calls per line per day... . _ 412 

STSSSa (SSS br.«ch o ch.»g=. ||» 

delays, automatic compared with manual. |® 3 

KfdS ASSkV distributing i i i i «» 
subscriber's operators required. • • •; 

—iS igj 

resonance curve. 2000 

water-tight, farm use.. 

wiring. (See Wiring). 2034 

Temperature, \ \ i ■ ■ ■ ■ «| 

maximum, various Substances. (See name of Sub- 
stance). 
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Temperature ( continued ) 

measurements, resistance method.788 789 

resistance characteristic, galvanized iron wire. 759 

rise, relation to room temperature. 1242 

Testing, electrical machinery, summation-of-losses, method. 1696 

various machines. (See name of Machine). 

Textile mills, starting conditions, test. 1792 

power demand, test. 1794 

Thermal ohm, conversion factor. 1197 

definition. 1195 

resistivity, various materials. (See name of Material). 

Thury regulators. (See Regulators). 

Tirrill regulators. (See Regulators). 

Torque, short-circuit, generators, a.c. turbo, test. 1675 

: various external react¬ 
ances. 1675 

various external re¬ 
sistances. 1675 

Towers, cost, various spans. 898 

factors of safety. 905 

flexible, field of application. 906 

vs. rigid. 903 

foundations. 904 

lines. (See Transmission lines). 

rigid vs. flexible. 903 

stresses, classification. 879 

wire breakage... 901 

wdnd loads. 901 

Train resistance, freight service. 1007 

on curves, freight service. 1007 

I m grades, freight service. 1007 

Transformers, auto, design for higher reactance. 2020 

core-type, design for higher reactance. 2021 

magnetic shunt construction. 2021 

cost. 142 

design, effect of frequency. 973 

for higher reactance, difficulties. 2016 

distribution efficiency. 481 

losses.. 481 

j e.m.f., formula.. 958 

; * frequency, effect on design. 958 

[ high-tension, distributed capacity. 169 

| star vs. isolated delta. 172 

[' instrument, loading. 1562 

! testing. 1635 

vibration galvanometer as detector.. . . 1639 

t- internal reactance, effect on short circuits, early ex- 

I planation.. . . . 2046 

| surges, action. 190 

j mechanical strength on short circuit, relation to size. 2039 

I outdoor high-tension, installation. 330 

j list of those in operation. 324 

i requirements. 329 

j output, effect of frequency. 960 

pole-type, protection. 819 

protection, arrester tests. 817 

balance relay. 1922 

current balance relay. 1926 

relay characteristic..... . 177 

reactance, calculation. 2016 

regulation, effect of frequency. 959 

series, effect ^of loading. 1547 

selection for balance relay systems. 1921 
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Transformers, series ( continued) 

testing. 

self-contained detector. 

shell-type, design fo<f higher reactance. 

magnetic shunt construction. 

short-circuit stresses, effect of external reactance... . 

calculating. 

shunt, balance method of testing. 

errors . 

testing. 

single-phase, cost. 

compared with three-phase. 

step-down, all-day efficiency. 


efficiency.131 

losses... 

step-up, all-day efficiency. 

efficiency.131 

losses. 


telephone, exciting current, test... 

synchronous reversing key as detector... 

testing, vibration galvanometer as detector. 

three-phase, cost.. 

compared with single-phase. 

Transmission cables, capacity currents, one-phase grounded. 

from coal mines. 

high-tension, advantages.* 

line, artificial, construction.SSS 

experiments. 

operation. 

conductor size, effect on cost. 

current and e.m.f. measurements. 

distribution, inductive load. 

non-inductive load.. 

one end free. 

design, effect of frequency. .... .. 

for maximum synchronizing power. . . . 

parallel operation of stations. 

efficiency. : ... 

e.m.f. distribution, inductive load. 

one end free. 

equivalent circuits, 60 cycles and 25 cycles.. . . 

experimental, Purdue University. 

ground wire, strengthening effect. 

high-tension, all-day efficiency. 

efficiency. 

losses. .•••*. . 

mechanical vibration.1091 

ice load. : .. 

impedance measurement with static voltmeter. 

impulses, equations.. 

propagation..... 

long distance, surge experiment. 

pole spacing- % . ; . 

protection American practice... 

limiting factors. 

regulation, effect of frequency.. 

equation.. 

single-phase, economy compared with three- 

phase . 

losses.... 

spacing for different sized conductors......... 

three-phase economy compared with single¬ 
phase. 

losses. 


1635 
1637 
2022 
2022 
2019 
201S 

1627 

1628 

1636 
127 
143 
477 
477 
477 
476 

475 

476 
1492 
1640 
1642 

127 

143 

1896 

1S5 

189 

1131 

191 

SSS 

899 
1141 
1150 
1146 
1144 

960 

46S 

465 

131 

1150 

1144 

1158 

1035 

933 

477 

476 

477 
1119 

900 
1161 

S94 

SS9 

191 

439 

1911 

1933 

960 

1801 

128 

130 

466 

128 

130 
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Transmission line (continued) 

traveling impulses, test. KSO' 

wind load. ‘TKJ 

wire breakage. WJ2 

plant, losses, distribution.; * - ..; ■ • • • ‘l *‘2 

single-phase, cost compared wit.ln.hive-pha.se . KM 
three-phase cost compared with single-phase. 1 ti l 

system, connections.. 178 -181 I Si! 100 21)1 

efficiency. 151 

frequency standard.... 071 

in and around New York... 247 

protection, circuit diagram. .. ITS 

disadvantages of relays.. I Kb 

under New York, unified. 24K 

unified, advantages.... bit) 

compare with group method, .. 2SO 

in New York, possible savings. 204 

Tungsten, conductivity, heat......•. 1222 

copper plating. 1211 

density... 1221 

ductility...... . 1221 

electric furnace. 122b 

hardening qualities. 1221 

magnetic properties... 122! 

melting point. 1220 

production...... .. 12It) 

projectiles. 122b 

radiation at inciting point.... . 122b 

resistance-temperature characteristic. 1 528 

resistivity, electric. 1221 

temperature coefficient., electric resistivity.. , 1222 

expansion. .. 1222 

tensile strength. 1221 

uses...... . 1222 

Turbines, steam, depreciation... 101 

water, Francis type, efficiency. ...474 4To 

governing, theory. ............. . 1020 

impulsive force. 1044 

over-speed determination.. 1058 

Pel ton, theory,. 1044 

type, efficiency. .. 474 475 

reaction, efficiency equations, .. ... 1057 

various makes. 1052 

performance ^characteristics , 1054 

power equations .. 105b 

run and measurement, various makes , 1051 

runaway speed, various makes. , , . , . . 1052 

speed equations. . ... , . . 105b 

theory... 1050 

runaway speed, theory. ... ,. , . , 1045 

speed, selection.... ... , , 1027 

tangential, efficiency, various makes. ..... ..... 1040 

runaway speed, various heads., . . 1048 

makes. . . 1040 

theory... 1044 

Vacuum improvement by vapor condensation, .. 1208 

measurement with radiometer... 1212 

production......,, . , , 1207 

Ventilation, building, efleet of heating design,... 20 

conduits...... 702 704 

generators, a.e. turbo, induction.. 1742 

acyclic.... , 1824 

external vs, self-contained blowers, ...... 

1055-1081 1085 


1690 
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Wattmeters, 


Ventilation, generators {continued,) 

high-speed. 

small air-gap.. 

turbo, loss per cubic foot of air. 

Voltage, coal handling docks. 

plants. 

mines, effect of fluctuations. 

Voltmeters, electrostatic, leakage elimination. 

losses..■. 

induction type, performance curves. 

laboratory standard for lamp testing. 

static, impedance measurement. 

Volta’s discovery, date. 

Water, boiling point, various pressures. 

e v aporation en ergy. 

jet, impulsive force. 

rheostat (See Rheostat) 

Walt-hour meters, accuracy, effect of instrument transformers. 

instrument transformers 

various power-factors 

choice of rating. 

size of meter. 

installation methods. 

rotating standard, influence external field. 

shunt operation, difficulties. 

note.. 

testing, large sizes. 

Wattmeters, a.c., moving-coil current... 

compensated, characteristics. 

eddy-current errors.. 

performance curves.1582 

use of concentric cable. 

electrodynamometers. (Also see Electrodynamo¬ 
meters) . 

eddy-current errors. 

recording indications, transmission to a distance. 

overshooting...726 

Waves, electric, frequency. 

Wave-form distortion in existing transformer. 

Weather conditions, Oregon. 

Pacific Coast. 

map. 

Washington. 

Wheat production, various states. 

Willati’s law expression. . . .... 

Wind load on transmission lines. 

towers. 

pressure. 

velocities. 

Wind-mill, power plant.. ... .-. 

Windings, generators, induction, effect ot pitch. 

pitch-factor. 

generators, a.c... 

squirrel-cage, calculation... 

design..... 

Wire, aluminum, skin effect, equation. 

convection, calculation..-- • • ..*•;;;.■•. 

losses, forced ventilation, calculation. 

free ventilation, calculation. 

current capacity. (See Current-carrymg-capacity). 

irongal vanized, temperature-resistance characteristics. 

Wireless telegraphy. .(See Telegraphy), 


Waves, 
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W oodv 

X-Ray 


:ar, electromagnetic induction, test. 

electrostatic induction, test. 

high-frequency induction, tests.* * * * 

protective apparatus. 

relation to lightning protection.* * * * 

iiasram, apartment building._.... • • 

automatic telephone, private branch exchange.. . 

Chapman regulator. 

corona loss, test. 

current balance relay. 

electric mine hoist.• * * • * 

excitation systems.1869-1870 lo71 

Fave-Hansen and Harlow system.* * • • 

feeder protection, balance relay.• -- iyzd 

fly wheel-motor-generator, rolling mill drive. 

generator protection. 

Hochstader relay system. 

hotel. 

insulator testing plant... 

loft building. 

mine hoisting plant. 

motor-generator, input-output test. 

multi-recorder.840-041 

office building, eleven story. ..• • • • • * • ■ • 

Hudson Terminal.1380-1381 

resistance measurement, a.c. and d.c.. 

Tirrill regulator.1854—1856—18o7 1858 

transformer protection.. 

watt-hour meter test with differential galvano¬ 
meter...;. 

flvwheel-motor-generator installation for reversing mill*.. . 

installation, electric mine hoist. 

telephone, apartment building.. ; . 

classification of buildings. 

hotels. 

inclusion of building plans. 

loft buildings. 

office building. 

Hudson Terminal.. 

subsidary boxes, standard sizes. 

:ard Iron Company, electric hoist installation. 

, frequency.'. 

tube, tungsten target. 


855 
858 
853 

856 
852 

1392 

376 

1864 

1037 

1922 

689 
1872 
1930 
1924 

663 

1922 

1929 

1388 

2145 

1386 

697 

1710 

848 

1385 

1382 
1508 
1859 
1922 

1553 

651 

690 

1386 

1368 
1386 
1367 

1383 

1369 
1378 
1373 

685 

956 

1224 













































